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Introduction (Corresponding to Chapters 1 and 2) There are two categories of the 
theory in the study field of the origin of the  auroral kilometric radiation (AKR 
hereafter); one is the coherent cyclotron mechanism that is called cyclotron maser 
instability  (CMI hereafter) and the other is the mode conversion of the upper hybrid 
waves. The CMI processes are widely accepted by the research community and it 
becomes general atmosphere, for majority of workers in the field of AKR, that there 
is no significant problem left for the investigation of the source mechanism of AKR. 
By the JIKIKEN satellite observation, however, new evidences have been presented; 
i.e., the polarization of AKR sometimes shows  L-0 and Z modes that support the 
mode conversion of the upper hybrid plasma waves into the  L-0 mode waves via 
irregularities of plasma distribution. And it is recognized that, in addition to the 
processes of CMI that generate intense major components of R-X mode AKR's, 
the processes of the mode conversion due to density irregularity (MCI hereafter) 
also exist generating weak  L-0 mode AKR's. In the present study, we have ana-
lyzed the characteristic data for AKR phenomena based on the PWS experiments 
on board the Akebono satellite focusing on the data of narrow-band emissions and 
source plasma conditions of AKR with the purposes to reinvestigate the generation 
mechanism of AKR and related environments of auroral particle acceleration region.
Identification of AKR sources and source conditions.
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Applicability of CMI (Corresponding to Chapter 5) Then, to reinvestigate the valid-
ity of the CMI theory for  AKR sources in high density plasma, numerical calculations 
have been carried out. The intensity of generated emissions via the cyclotron reso-
nance, in the case of CMI process, has been evaluated as the path-integrated gain 
using calculated growth rate for each local place. The results for evaluation of CMI 
growth rate are summarized as follows: (1) For the loss cone distribution under the 
potential drops of 3 keV above AKR sources, R-X mode waves generated by the CMI 
processes give the path-integrated gain of 35 dB for the range of 100 km for energetic 
particle distribution where  fp/  f, is 0.03. However, the path-integrated gains for the 
R-X mode waves become almost 0 dB for  fp/  f, larger than 0.3. (2) The case of 
the potential drops larger than 10 keV above the AKR sources, the path-integrated 
gains for the growth of the  R-X mode waves via the CMI processes become 6 dB or 
larger for the condition that  fp/  f, is even larger than 0.3. (3) The emission angle 
distributions of CMI emissions at the sources are anisotropic. These results present 
serious consequence because there is commonly existing the condition  fp/  f, > 0.3 
with beam less than 3 keV in the source regions where active AKR's are radiating; 
i.e., we should conclude that AKR's are often generated without depending on the 
CMI processes. 
Applicability of DMC (Corresponding to Chapter 6) In 1990, Oya had proposed 
a new process called Doppler mode conversion (DMC hereafter), where the gen-
erated upper hybrid waves are converted to  R-X mode with high conversion rate 
larger than 80% via the plasma regions under the velocity shear condition. For the 
case of mode conversion processes, the energy conversion rates from upper hybrid 
waves to R-X mode waves have been calculated. The results are as follows: (1) 
In the case of precipitating electron energy of 3 keV, the upper hybrid waves grow 
with path-integrated gain of 50 dB for 1 km range of electron beam width via the 
process of the Cerenkov resonance when  fp/  f, is 0.3 in the source regions. (2) In 
the case of the shear of the balk velocity in the source plasma with  0.1c (c is light 
velocity) or larger, at the shear boundary, the energy conversion rates by the DMC 
process approach almost 100% when  fp/  f, is 0.1 in the source region and ambient 
plasma. Even when  fp/  f, is  0.7, the energy conversion rate does not become less 
than 45%. The results of the present analyses of the Akebono PWS data of AKR 
and numerical calculations for both CMI and DMC processes have distinctly shown 
that in high density source with  fp/  f, > 0.3 no CMI process does work but R-X 
mode AKR's are emitted very efficiently by DMC process. 
Seasonal variation and solar cycle dependence of AKR (Corresponding to Chapter
7) From the statistical analyses on the long term observation data obtained by the 
Akebono satellite, seasonal variation and solar cycle variation of the occurrence and
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intensity of AKR have been discovered. The seasonal dependence shows that AKR 
phenomena are more active in the winter polar regions than in the summer polar 
regions. The solar cycle dependence shows that AKR activity is anti-correlated with 
the solar activities; i.e., AKR is active in the period of solar minimum than in the 
period of solar maximum. These results suggest the possibility that the plasma 
density variation in the ionosphere controls the formation conditions of auroral ac-
celeration regions and active AKR sources. Narrow-band emissions categorized as 
 Type-lc are inferred to be generated by the CMI processes. On the other hand, 
irregular type of narrow-band emissions categorized as  Type-Ii are generated by 
the mode conversion processes. The occurrence of fine structured AKR spectra can 
then be interpreted as being caused by the small scale or medium scale double layers 
formed along the magnetic field lines. The model of the field aligned potential is 
justified by the results of analyses, of AKR data, which show coincidence between 
the altitude of AKR sources and UFI events. The generation mechanisms of AKR 
in high density plasma are also relating to the problem of variation phenomena of 
 AKR depending on the seasons and solar activities. Because AKR can be generated 
by the mode conversion processes even in high density plasma, seasonal control of 
AKR activities are caused by the formation conditions of acceleration region of the 
auroral energetic particles. Though the detail studies of the formation processes 
of the acceleration regions of the auroral energetic particles are deferred for future 
works, a new scope has been developed by the present thesis, for studies on the 
origin of AKR relating to the acceleration regions of auroral energetic particles, by 
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1.1 Auroral kilometric radiation (AKR)
   Auroral kilometric radiation (abbreviated AKR) is one of the planetary radio 
wave phenomena relating to terrestrial  auroral activities . 
   The phenomena have been first detected by USSR (former Russia) satellite ob-
servations and the phenomena have first been identified to be related to the  auroral 
activities by  Gurnett[1974]. From statistical studies on the occurrence of AKR phe-
nomena, it has been clarified that the region of the maximum occurrence-frequency 
of AKR is in the auroral zone around the 65 invariant latitude in the evening sector 
from 20 to 24 MLT [Gurnett 1974; Kurth et al ., 1975; Green et al., 1977; Gal-
lagher and Gurnett, 1979; Green and Gallagher 1985]; and the sudden enhancement 
of AKR corresponds to the occurrence of the discrete  auroral  arcs [Gurnett , 1974; 
Kurth et  a1.,1975; Voots et al., 1977]. The coincides between the magnetic field lines 
of the AKR source and the location of discrete aurora have been also confirmed by 
ground-base observations and spacecraft observations [Benson and Akasofu, 1984; 
Huff et  al., 1988]. The discrete aurora is related to the inverted-V event of auroral 
energetic electrons [Frank and Ackerson,  1971]. Because the inverted-V phenomena 
are caused by the particle acceleration by the static electric field AKR phenomena 
are also intimately related to the formation of potential structure and characteris-
tics of the inverted-V phenomena. The studies on the generation mechanism and 
propagation characteristics of AKR are, then, equivalent to studies on the physical 
process and plasma circumstances in  auroral particle acceleration region.
1.2 Narrow-band emissions
  The dynamic spectra of AKR observed by the satellites show wide variety of 
features; these are classified into macroscopic and microscopic features . The most
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 prominent feature of AKR dynamic spectra observed by low altitude satellite is 
 called "bowl-shaped" or "funnel-shaped" structures , which are related to the prop-
 agation effects of AKR emitted upward within finite cone angles from the sources 
 along the magnetic fields. In these macroscopic structures , microscopic features are 
 also observable. The microscopic features are characterized by narrow frequency 
 band emissions of which bandwidth shows a few kHz [Gurnett et al., 1979; Morioka 
et  al., 1981]; it is also reported that the bandwidth is even within few Hz [Grabbe 
et al., 1982; Baumback and Calvert,  1987]. As seen in Figures 3,4, and 5 of Meni-
etti et al. [1996], the emissions about a few  kHz and a few Hz are simultaneously 
observed suggesting that observed narrow-band emissions are mixture of emission 
from different categories of the origin. 
   For the observation results obtained by ISEE-1,2, narrow-band emissions have 
been interpreted as results of electromagnetic disturbances traveling along the mag-
netic field [Gurnett et al., 1979]. Morioka et  al.[1981] have pointed out that the 
multiple structures of the narrow band emissions are caused by multiple sources 
from which the narrow-band emissions are emitted at each corresponding region 
along the magnetic fields. In order to interpret the narrowness of spectrum as a 
result of emission mechanism, several kinds of theories are proposed such as three 
wave interaction with electrostatic ion cyclotron waves [Grabbe, 1982], and feed-
back mechanism [Calvert 1982; Baumback and Calvert, 1987; McKean and Winglee, 
1991].  • 
   For the interpretation of observation results of AKR generated in distant points , 
the effect of the anisotropy of the emission angle distribution has to be taken into 
account. As mixed feature of the global source distributions and anisotropy of the 
emission angles, global distributions of emission power of AKR (formerly called 
"angular distributions of AKR" ) have been investigated since early stage of ob-
servations [Green et al., 1977; Gallagher and Gurnett, 1979; Green and Gallagher, 
1985]. In this context, hollow cone beam model has been proposed by Benson and 
Calvert[1979] and Calvert[1981a] based on the observation results of  ISIS-1 satellite. 
The concept has been now widely accepted . However, estimations for actual case of 
cone angle are very few with respect to the estimations by the CMI theory , described 
in Section 1.3, as suggested by the results around  45° [Calvert,  1981c], the results of 
4.4,  3.3, and 2.7 steradians at  178, 100, and 56.2 kHz, respectively [Green and Gal-
lagher, 1985]. There are also other suggestions of the value of the cone angles that 
could be less than  50° for R-X mode and larger than 50° for  L-0 mode [Mellott et 




    It is widely accepted that the energy source of AKR emissions is auroral ac-
celerated electrons. There are two categories for radiation mechanism; incoherent 
process and coherent process. Between the both categories the generation mecha-
nism is considered to belong to the coherent processes because of the high efficiency 
of energy conversion rate up to 1% from the incoming electron beams to the  electro-
magnetic waves. The coherent processes of AKR generation are then divided into 
two categories; direct and indirect processes. 
   AKR generation mechanisms belonging to the category of the direct processes in-
dicate generation processes in which electromagnetic waves of R-X mode are directly 
generated through the process of the wave-particle interactions. For the interactions 
in the ordered motion of charged particles in the plasma, cyclotron resonance takes 
place; because of coherence nature the processes are called cyclotron maser insta-
bility (CMI). 
   After some pioneering works [Twiss, 1958; Hirshfield and Bekefi, 1963],  Melrose 
 [1976] suggest that X mode waves becomes unstable in case of  Of  Idyll > 0 and 
 T1 >>  TH), where v, f and T are velocity, velocity distribution function and tem-
perature of electron beam, respectively, and  I and I respectively denote the parallel 
and perpendicular directions with respect to the local magnetic field. This mecha-
nism is also called parallel-driven CMI, and not so accepted as perpendicular driven 
 CMI, described below, because there have not been observed large temperature 
anisotropy. However, recent studies reveal the presence of temperature anisotropy 
in auroral regions [Menietti et al., 1993] . There was, however, significant criticism 
for the validity of cyclotron resonance condition of 
 c.s3  —  1 
 kR(1.1) 
where  b,  C4), k, and R are the electron beam velocity normalized by the plasma 
thermal velocity, the angular frequency of the wave normalized by the electron 
cyclotron angular frequency, the wave number, and the Larmor radius, respectively. 
The criticism is raised in the case near the cutoff frequency of the R-X mode waves, 
i.e., 
              c;,r  =  1  E2  ( 1.2) 
with 
            E = - , ( 1.3)                           SZ 
where  L)7,  and ,Q are the electron plasma angular frequency and the electron cyclotron 
angular frequency, respectively. The limit for kR to achieve the resonance condition 
is given by 
 kR>  10-3 (1.4)
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for the case of the auroral region plasma trough condition. However, the dispersion 
relation, to satisfy eq.  (1.1), together with eq. (1.2), shows that 
 k <  10-4  . (1.5) 
In another word, the resulted  v value to satisfy the resonance condition given by eq. 
 (1.1) shows 
 > 100 . (1.6) 
This means that much higher energy of the electron beam, that can not be regularly 
satisfied by the auroral energetic particles, is required for achieving the cyclotron 
resonance condition. 
  A solution for this difficulty has been proposed by Wu and Lee [1979] considering 
very sophisticated correction of the frequency shift due to the relativistic effect. 
Following their proposal theories and numerical simulations have been developed 
over two decades of research activities for the origin of AKR. The proposed resonance 
condition by Wu and  Lee[1979] is given by 
                                                              2 _L.2                   —kfaii=11H'                                                     (1.7) 
where  f)ii,(21 and  c are beam velocities parallel and perpendicular to the local mag-
netic field, and the light velocity, respectively, normalized by the thermal velocity. 
The dependence of the resonance condition being associated with  i)j_ is the char-
acteristic point of their theory. Therefore the electron distribution function f that 
has  f/Ovi > 0 with the form of loss cone distribution providing the free energy 
source is essential for generation of the intense R-X mode waves. The theory, then, 
does not require the temperature anisotropy of  T1  >>  >  T11. In auroral region, pre-
cipitating electrons are lost through the space in the auroral trough region for above 
the topside of ionosphere; and upward electrons reflected at mirror point form the 
loss cone distribution, which can make resonance with upward going waves. In the 
present stage of the study field of AKR, this perpendicular-driven CMI, which is 
called CMI simply, are the most widely accepted mechanism as the origin of AKR. 
The CMI theory claims the generation of intense R-X mode wave emitting in nearly 
perpendicular direction with respect to the local magnetic field. One of the critical 
condition of the CMI theory to give growth to the waves is the low density of cold 
electrons together with  apav _L> 0 for the high energy electrons. The observation 
results of the plasma condition in the region of AKR sources are recognized as to  be 
sufficient for the growth of AKR; they have shown the velocity distribution of hot 
electrons with loss cone distribution together with the low density regions that are 
called the auroral plasma cavity [Benson and Calvert, 1979; Calvert  1981b]. 
  Completely different category of the theory for the generation of the electromag-
netic waves in space is the proposal of the mode conversion of plasma waves into
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 electromagnetic waves. After the proposal of  Ginzburg and Zhelezniakov [1958] for 
 the nonlinear conversion of the Langmuir waves to the  Type-II solar radio burst , the 
 concept of the plasma wave conversion has been established. Zhelezniakov  [1967] 
 was the first who considered the linear mode conversion from Z mode waves to the 
 L-0 mode waves. Thus, the conversion mechanism start to take two branches of the 
 study fields; i.e., linear conversion and nonlinear conversion. 
 Stix[1965] has proposed the conversion of the upper hybrid waves to Z mode 
 waves. More realistic theory of the linear conversion considering the real space 
 plasma conditions of the plasma wave generation has been presented by  Oya[1971]. 
 This theory has been applied first to the origin of Jovian decametric waves [Oya, 
 1974;  Scalf,  1974]; and later it has been applied to the origin of AKR [Benson, 
 1975] and continuum radiation from the plasmapause [Jones,1976]. The linear mode 
conversion theory claims that the generation of AKR starts from the process of 
generation of the electrostatic or UHR mode waves excited in the source region, and 
that the converted Z mode waves are further converted into the electromagnetic  L-0 
mode waves  through the inhomogeneity of plasma density. The confirmation of the 
linear conversion processes as origin of AKR has been made using observation data 
of AKR obtained by the JIKIKEN satellite [Oya and Morioka, 1983]. In their works 
the existence of the  L-0 and Z mode waves near the source regions of AKR has 
been first confirmed; and the conversion processes are consistently verified . After 
this work existence of Z and  L-0 mode waves has been further confirmed in the AKR 
data observed by the  ISIS-1 and DE-1 satellites [Benson, 1984,1985; Mellott et al., 
1984; Calvert and Hashimoto, 1990]. By the study group working with DE-1 data , 
it has been pointed out, however, that the  L-0 mode AKR emissions are only weak 
and diffuse part of the emission; typical AKR emissions with intense and remarkable 
dynamic spectra of discrete structure are R-X mode electromagnetic waves . About 
this point, it has been already pointed out that the linear mode conversion processes 
also efficiently contribute when the Doppler mode conversion mechanism has been 
considered  [Iizima, 1988; Oya, 1990; Oya and  Iizima, 2000;  Iizima and Oya, 2000]. 
In the present study, we adopt this theory in the principle part of the discussion and 
will be described more in detail in the corresponding chapter. 
   In the nonlinear conversion process, R-X mode waves are expected to be produced 
from the generated electrostatic or UHR mode waves via wave-wave interactions . As 
for the responsible wave-wave interactions, coupling of two different upper hybrid 
waves [Roux and Pellat, 1979], coupling of two different Z mode waves [Jones, 1977], 
and coupling of the upper hybrid waves with lower hybrid waves [Goldstein et  al., 
1983] are proposed. In regime of the strong turbulence, the processes by Lang-
muir solitons [Magss, 1978a,b], LHR solitons [Pottelette et al., 1992] have been also 
proposed. 
  For nonlinear mode conversion process, however, it is basically pointed out that
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there is always difficulty of generation conditions and coherency of source waves 
behind the processes and conversion rate is very small when we make calculation 
applying real parameter. Therefore, it is believed that adoption of the nonlinear con-
version processes is restricted to such as a case of extremely narrow-band emissions . 
For linear mode conversion process, due to the inhomogeneous of plasma density , it 
is often pointed out that the processes are not related to the generation of intense 
R-X mode. However, it should be emphasized before closing this section that the 
modified linear mode conversion process caused by the Doppler  effect  (LAIC here-
after) are strictly related to the generation of intense R-X mode without the plasma 
 inhomogeneities.
1.4  Effects of  the ionosphere on AKR
   As one of the important control factors of the AKR generation process , the 
interactions of the energetic electrons with magnetoactive plasma in the auroral 
plasma cavity have been pointed out  [Dusenbery and Lyons, 1982;  Omidi et al., 
 1984; Menietti et al., 1993; Roux et al., 1993; Menietti et al ., 1994]. Recently, some 
observational results and statistical analyses are clarifying the seasonal variations of 
AKR and auroral phenomena. Nine years' worth of data of particle energy spectra 
observed by  DIVISP indicate the existence of the seasonal dependence; that is , the 
occurrence probability of accelerated auroral electrons is suppressed in summer or 
under sunlit conditions [Newell et al., 1996]. As for the AKR phenomena, seasonal 
variation has been also discovered by the GEOTAIL spacecraft in the distant mag-
netotail [Kasaba et al., 1997] and the Akebono satellite on near-earth polar orbit 
[Kumamoto and Oya, 1998]. Kasaba et al.  [1997] have pointed out that the oc-
currence of AKR observed by the GEOTAIL spacecraft at a distance more than 10 
Re in the ecliptic plane shows the asymmetry between the northern and southern 
hemispheres which depends on the season or the geomagnetic latitude of the Earth's 
subsolar point and concluded that AKR is more active on the winter hemisphere for 
the high frequency range. As we can see in Figure 3 in their paper , however, the ob-
servation windows are restricted to see only one of winter and summer hemispheres 
for a given MLT that is mainly due to shade by the plasmasphere and ambiguity 
caused by the propagation. That is mainly due to shade by the plasmasphere and 
the ambiguity caused by the ray propagation. Kumamoto and Oya [1998] have 
given more complete and extensive confirmation to the seasonal asymmetry of oc-
currence and intensity of AKR based on the 7-years data observed by the PWS 
experiment on board the Akebono satellite. The Akebono satellite is on a polar 
orbit within a geocentric distance of 2.6 RE and AKR observation can be performed 
for all latitude ranges of the sources in the both hemispheres. Especially , the results
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have been obtained without the shading effects of plasmasphere and ambiguity due 
to the propagation. By the recent studies, furthermore, the seasonal dependence 
of aurora-related phenomena such as auroral EMIC waves [Erlandson and Zanetti, 
1998], UV from aurora [Liou et al.,  1997], CNA [Yamagishi et al., 1998] are clarified. 
As the case of AKR, the seasonal variations of the above indicated phenomena are 
quiet in summer polar region while they become active in winter polar region. 
   For the origin of seasonal variations of the aurora-related phenomena , several 
ideas have been presented. By Newell et al. [1996], it is considered that the sea-
sonal variation of the ionospheric conductivity cause the variation of the resonance 
condition of AC current that is aligned along the magnetic field while it is assumed 
that up-welling plasma from summer ionosphere hinders or violates the generation 
condition of AKR by Kasaba et al. [1997]. Existence of the seasonal effects on AKR 
is manifestation of the ionosphere effects on the source regions of AKR because no 
other factor except for the ionosphere can be considered having the relation to the 
solar zenith control. The investigation of the seasonal dependence of AKR gives then 
effective clues for the investigation of the formation of the acceleration mechanism 
for the auroral particles.
1.5  Purpose of  the present  study
   A paradigm for understanding and interpretation of AKR phenomena has been 
almost completely constructed during last three decades after the discovery of AKR . 
AKR's are radio emissions caused by precipitation of auroral electrons; the radio 
wave emissions are characterized by intense R-X mode waves whose source regions 
are located in the plasma cavity of  auroral region that provides  sufficient condition 
for the CMI mechanism. Since the observation by Hawkeye , DE-1, and Viking satel-
lites, there have not been any changes of this paradigm, though the enormous new 
data with high time and spatial resolutions have been available by recent satellites 
such as FAST satellite. 
  The launching of the  Akebono satellite in February 1989, however, has been 
resulted a revolutional moment for the studies on AKR; that is , by the precise 
investigation of the enormous data observed by the Akebono satellite for more than 
one decade, it has been clarified that there are many observational evidences that 
show contradiction against the already constructed paradigm of AKR phenomena . 
  The present thesis is then purposed to clarify the contradictory points based on 
the observation data by the  Akebono satellite. The  objectives of the study in the 
present thesis are as following. The first is the interpretation of observed dynamic 
spectra of AKR narrow-band emissions to clarify the distribution of sources and 
feature of anisotropic emission angle distribution at the identified AKR sources.
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 The second is the investigation of generation conditions for corresponding theories 
of  AKR to confirm validity of  C11/11. The third is the verification of applicability of 
 the mode conversion processes for AKR generation mechanism. In addition to  these 
three major purposes the investigations of the seasonal and solar cycle dependence 
of AKR activities have been also made to provide additional informations for the 
formation of the sources of AKR. 
   In Chapter 2 of this thesis, after the description of the overview of the Akebono 
satellite and the instrumentation of the PWS experiments, the method of identifi-
cation of the source position has been described. Observations of dynamic spectra 
and wave forms are precisely introduced because the usage of these data becomes 
core of the analyses in this thesis. In Chapter 3, the narrow-band emissions of AKR 
are analyzed based on the Akebono observation data. The displayed data of the 
PWS on board the Akebono satellite are divided into several categories . Interpreta-
tions are made especially for the phenomena in the categories of frequency-drifting 
emissions, with bandwidth of a few kHz, to be by the sources along the magnetic 
fields. In  these source regions the emission angles with respect to the local mag-
netic field are limited in hollow cone. In Chapter 4, AKR source conditions have 
been analyzed. Using the resulted information of source positions together, source 
conditions have been obtained based on the data observed by the Akebono satellite. 
In Chapter 5, the applicability of the cyclotron maser instability (CMI) process for 
the generation mechanism of AKR has been investigated precisely using the source 
conditions obtained in Chapter 4. Path-integrated gains obtained for the CMI pro-
cesses are evaluated by the numerical calculations. It has been clarified that there 
are so many cases of the source conditions where the generation of CMI emissions 
becomes impossible because of high plasma density conditions in the sources. In 
Chapter 6, feasibility of the mode conversion processes is studied by performing the 
numerical calculations; that is, conversion from UHR waves to R-X mode waves due 
to the Doppler mode conversion processes and mode conversion processes by steep 
discontinuity of plasma density is investigated. The results distinctly show the 
applicability of mode conversion processes on the generation mechanism of AKR 
even in high plasma density region. In Chapter 7, the statistical analyses for sea-
sonal and solar cycle dependence of AKR activities are carried out relating to the 
source mechanism of the auroral particle acceleration and AKR emission. The  re-
sults suggest the intimate effects of the ionospheric plasma on AKR source regions 
in altitude range from 2000 to 3500 km. The discussions are given in Chapter 8, 
and conclusions are described in Chapter 9.
8
Chapter 2
The PWS system on board the 
Akebono satellite
2.1 Overviews of the Akebono satellite and 
PWS system
the
   For the purpose of studying the physical process of auroral particle acceleration 
region, the Akebono (EXOS-D) satellite was launched on February 22, 1989, in an 
eccentric polar orbit with inclination of 75°, an initial perigee of 275 km and an 
initial apogee of 10,500 km. In order to perform total exploration in auroral particle 
acceleration region; eight scientific instruments have been installed on board the 
Akebono satellite; there are instruments for observations of electric field, magnetic 
field, plasma waves, the flux of energetic particles, electron temperature, UV and 
visible auroral images. Among these instruments, the plasma waves and sounder 
(PWS) experiment is designed for both the observation of natural plasma waves 
and the active experiment for topside sounding of ionosphere. The PWS system 
contains three-subsystems; (a) passive observation of natural plasma wave (NPW), 
(b) stimulated plasma wave experiment (SPW), and (c) measurement of electron 
number density by the impedance probe  (NEI). In the present study, investigations 
are performed being based on the data obtained by following observation mode of 
NPW subsystem: (1) Swept frequency observations (DS mode), and (2) Wave form 
observations (PY mode)
2.2 Dynamic spectra observation of AKR 
mode
DS
  In order to investigate the spectral characteristics of natural plasma waves for 
electric field intensity and polarization, the PWS observations for two components 
of electric fields, which are picked up by two crossed dipole antenna with a tip-to-tip
9
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Figure 2.1. The front view of the Akebono satellite. Two dipole antennas  Al-A3 
and  A2-A4 and  loop antennas at the end of mast between Al and A2 detect two 
electric field and three magnetic field components of plasma waves. (After Oya et 
al., 1990)
length of 60 m wire (see Figure 2.1), are designed in a frequency range from 20 kHz 
to 5.1 MHz. The received signals are fed into the narrow band receiver with a band 
width of  1  kHz. As shown in Figure 2.2, the center frequency is swept from 5.1 MHz 
to 20 kHz in 512 steps for 2 sec with the frequency resolution of 945 Hz/step in a 
frequency range from 20 kHz to 141 kHz, and 1.89 kHz/step in a frequency range 
from 141 kHz to 382 kHz. The RF signals are converted to the IF signals with a 
frequency of 455 kHz and detected before AD conversion for data sampling. The 
block diagram of receiving system of the PWS experiment is indicated in Figure 
2.3. The dynamic range of receiving power flux is from -190 to -140 dBW/m2Hz 
around an observation frequency of 300 kHz in an example case of the highest gain 
observation. The example data of DS mode observation are shown in Figure 2.4.
10
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Figure 2.2. The time sequence of the RF frequency sweep of dynamic 
observation by the PWS experiment.
2.3 Wave form observation of AKR
spectra
PY mode
   In order to observe directions of plasma waves, the PWS experiment is also 
designed to measure the wave form of five components of electromagnetic fields. In 
addition to two electric field components, the three components of magnetic field 
are picked up by three dimensional loop antenna with 10 wire turns, effective area 
of 600 mm x 600 mm (see Figure 2.1). The RF signals are fed to the narrow band 
receivers with eight fixed center frequencies, which are shown in Table 2.1, and 
converted to the IF signals with center frequency of 1 kHz and band width of 100 
Hz, maintaining the information of original amplitude and phase differences. The IF 
signals are sampled with a frequency of 5 kHz for a period of 10 msec, then 50 data 
points are obtained in one set of period of wave form sampling. The signal processing 
system for PY mode observation is also indicated in Figure 2.3. The example data of 
PY mode observation are shown in Figure 2.5. Usually, the wave form observation 
is carried out in time sharing operations with other observation such as dynamic 
spectra observation, electron density measurement by the impedance probe, and 
active experiment by the RF wave sounder.
11
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Figure 2.3. The block diagram of the receiving system of the PWS experiment. 
After mixing with the second local signal, the signals are immediately detected and 
converted to the digital data of the level in case of DS mode observation, while they 
are furthermore mixed with the third local signal and converted to the digital data 
of wave form in case of PY mode observation. (After Oya et  al., 1990)
Table 2.1. The eight fixed frequencies for wave form measurements. In the present 
study, the data of Fix-4  (181.537 kHz) and  Fix-5 (259.373 kHz) are mainly used for 
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Figure 2.4. The example data 
dynamic spectra of two electric 
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of DS mode observation. 
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Figure 2.5. The example data of PY mode observation. Three panels indicate the 
wave form of three magnetic field components of  A  KR detected by three dimensional 
loop antennas.
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2.4  Derivation of k-vector directions
   Using wave form data of three components of magnetic field, the spectral matrix 
S is defined by 
 <  B,B;  >  <  Bz_B;  >  <  ETE;  > 
 <13,B .;  >  <  ByB;  >  <  By13;  > , (2.1) 
 <  B,B;  >  <  B,B;  >  <  B,B;  > 
where  B  y, and  bz denote the three components of Fourier transformed magnetic 
fields, and the symbol <> denotes the ensemble average of value included in <>. 
The diagonal and off-diagonal components of spectral matrix represent the auto-
correlation and cross correlation of each component in <>, respectively. Then, 
assuming the plane wave approximation, directions of wave normal that is in parallel 
to k-vectors are derived by 
 {Syz,  Szx,  Sxy]  ; (2.2) 
that is  it  k. This mathematical method was originally proposed by Means  [1972] 
to find k-vector that satisfies k I B. 
  In Figure 2.6, example data of k-vectors derived from PY mode observation data 
are indicated in X-Z plane of solar-magnetic (SM) coordinate. In this observation 
path, the satellite passed over northern polar region from day side  (Xsm > 0) 
to night side  (XSM < 0). The k-vectors at each observation point have uniform 
directions, in which intense AKR sources are suggested to exist within a range that 
is able to be identified by the k-vector measurement.
2.5  Determination of AKR source  to
  The AKR waves propagate with R-X or  L-0 modes. That can be smoothly con-
nected to the mode of free space propagation after leaving the source region. For the 
determination of AKR source locations based on the observed wave direction mea-
surements, Huff et al. [1988] have proposed a method where (1) ray paths of AKR 
are back-traced from the observation point toward sources assuming straight paths, 
(2) the altitude of the AKR sources is given from the detected emission frequency of 
AKR with assumption of the approximated coincidence with the electron cyclotron 
frequency at the source altitude (see Figure  2.7). Huff et al. have utilized the polar-
ization data observed by the  DE-1 satellite for determination of the source positions 
assuming that AKR waves are circularly polarized. In this study, we have utilized 
the k-vector direction that has been derived from the wave form data observed by 
the Akebono satellite without the assumption of circular polarization.
15









0.00  -I .00 
Xsm [Re]
-2 .00
Figure  2.6. The example data of k-vectors derived from the PY mode observation 
data plotted in X-Z plane of the solar-magnetic (SM) coordinates. The dots indicate 
observation points and inclined bars show the directions of k-vectors of AKR waves 
at each observation point. The satellite passed over northern polar region from day 
side  (Xsm > 0) to night side  (Xsivi < 0).
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schematic diagram of the determination method of AKR source 
the direction measurements of AKR waves. (After Huff et al .,
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   In Figure 2.8, the results of  AKR sources determined for the  k-vectors shown 
in Figure 2.6 are given in the polar plot where the positions of the satellite and 
AKR sources are indicated by small rectangles and large rectangles , respectively. 
The plots of positions, in this case, have been made being  projected on the level of 
the ionosphere by tracing corresponding magnetic field lines from the levels of the 
satellite and AKR sources. The image data of UV aurora observed simultaneously by 
the auroral television camera (ATV) experiment on board the Akebono  (EXOS-D) 
satellite are also superposed in Figure 2.8 using the gray scale . This result suggests 




1990. 02.05 15: 59-16: 26
Figure 2.8. The result of AKR sources determined from the k-vectors shown in 
Figure 2.6. The positions of the satellite and AKR sources are indicated by small 
rectangles and  large rectangles, respectively. The plots of positions, in this case, have 
been made being  projected on the level of the ionosphere by tracing corresponding 
magnetic field lines from the levels of the satellite and AKR sources. The image 
data of UV aurora observed simultaneously by the auroral television camera  (ATV) 




Identification of field aligned 
AKR sources
3.1 Narrow-band emissions of AKR and 
 classifications
their
   In the data observed by the Akebono satellite, the narrow-band emissions are 
frequently observed indicating frequency drift in the large scale structure of AKR 
dynamic spectra. The same phenomena are observed by other satellites such as 
ISEE-1,2 [Gurnett et al., 1979], JIKIKEN (EXOS-B) [Morioka et al., 1981], DE-1 
[Benson et  al.,1988], and Galileo [Menietti et al., 1996]. There is, however, vari-
ety in the reported narrow-band emissions showing various frequency change rate 
and time scale of duration. Therefore, we divided the narrow-band AKR emis-
sions into two categories; i.e., Type-I and  Type-II . Type-I narrow-band emission 
is defined with bandwidth of a few kHz as shown in Figures 3.1 and 3.2 [Gurnett 
et al.,1979; Morioka and Oya, 1981], and  Type-II narrow-band emission is defined 
with extremely narrow bandwidth from 5 to 100 Hz as shown in Figures 3 .3 and 3.4 
[Grabbe, 1982; Baumback and  Calvert,1987]. Type-I and  Type-II emissions can be 
observed simultaneously as shown in Figure 3.5 [Menietti et al.  1996]. Therefore, 
it can be considered that the difference of Type-I and  Type-II is not due to the 
difference of observational instrumentation. 
  The narrow-band emissions observed by the Akebono satellite are considered to 
belong to Type-I, because the receiving bandwidth of the PWS experiment is 1 kHz. 
The spectral structure of  Type-II emissions are averaged over in a given frequency 
band of the PWS experiment, and we can not see frequency variation. Based on the 
observations by the Akebono satellite, the Type-I narrow-band emissions are , here, 
divided into two categories; Type-Ic (continuous drift type) and  Type-Ii (irregular 
type). In Figures 3.6, 3.7, and 3.8, the examples of dynamic spectra are shown. 
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Figure 3.1. The example of Type-I narrow-band emissions observed by the ISEE-1 
satellite [Gurnett et al., 1979].
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Figure 3.2. The example of Type-I 
 JIKIKEN satellite [Morioka et al.,  1981].
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Figure 3.3. The example of  Type-II narrow-band emissions observed by the ISEE-1 
satellite [Grabbe, 1982]. 
at least for a few minutes. The emissions shown in Figure 3.6 are characterized by 
frequency drift with the bowl-shaped large scale structures in the dynamic spectra. 
The emissions shown in Figure 3.7 are characterized by the trend of large scale 
structures. This case is, however, different from the case of Figure 3.6 in the multiple 
nature of frequency bands and increasing nature of frequency drift.  Type-Ii emissions 
consist of short duration narrow-band emissions with multiple bands; this type is 
basically different from the large scale structure types such as Type-Ic reflecting the 
difference of the underlying physics. The study of  Type-Ii is, then, put out of the 
scope of the present thesis.
 3  .  2 Type-Ic emissions observed on February, 7, 
1990 (slow drift type)
  In the dynamic spectra for  AKR observed by the PWS on board the Akebono 
satellite (see Figure 3.6), two trends of narrow-band emissions with falling tone 
are observed from 12:15 UT to 12:27 UT. For confirmation of the existence of two 
trends of discrete emissions, investigation at a fixed frequency at 181.5 kHz, where 
the k-vector measurements are also carried out, has been made. In Figure 3.9, 
the dynamic spectrum around 181.5 kHz is given being expanded in the time and 
frequency range. As has been given in Figure 3.10, the obtained emission powers at 
181.5 kHz show three peaks at 12:21, 12:23, and 12:25. The power intensities of these 
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Figure 3.4. The example of  Type-II narrow-band emissions obtained by the auto-
correlation analyses of ISEE-1 observation data [Baumback and Calvert,1987].
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Figure  3.5. The simultaneous 
emissions obtained by the  DE-1
observation of Type-I 
satellite [Menietti et al.
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Figure 3.6. Typical continuous drift type emissions (Type-Ic emissions) 
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Figure 3.7. Multiple trends of the continuous drift type emissions 
sions) characterized by the multiple structured narrow frequency ban 
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Figure 3.8. The irregular type emissions  (Type-Ii emissions).
peaks correspond to the cross section of dynamic spectra of two trends of Type-Ic 
emissions; and it can  be concluded that the third peak of these three peaks observed 
at 12:25 belongs to  Type-Ii being compared with the dynamic spectrum. Applying 
the k-vector identification method (see Chapter 2), then the source positions of these 
two trends of Type-Ic emissions have been identified at 181.5  kHz as it has been 
given in Figure 3.11 where the polar plot of AKR source locations is indicated. The 
image data of UV aurora observed simultaneously by the ATV experiment on board 
the Akebono satellite are also superposed in Figure 3.11 using the gray scale. It 
is then clarified that the sources of Type-Ic emissions of AKR coincide with the 
positions of intense aurora located at 18.6 MLT in 71° invariant latitude (called 
source #1 hereafter), and at 19.2  MLT in the same invariant latitude 71° (called 
source #2 hereafter). 
  Based on the results of the identification of source positions at 181.5 kHz  emis-
sions we have assumed that the Type-Ic emissions are generated at these two source 
field lines; then vertical distribution of AKR sources and their propagation angles 
of the present studying case are investigated. In Figure 3.12, the studying results 
are given; i.e., upper left panel shows observed dynamic spectrum of AKR while 
the recognized spectra in terms of the propagation angle with respect to the source 
magnetic field lines are given in two upper right panels corresponding to two sources, 
 #1 and #2. The locations of the corresponding source for the emission at given fre-
quencies of AKR are decided at the calculated altitude where the electron cyclotron 






































































Figure 3.9. Dynamic spectrum of Type-Ic emissions around 181.5  kHz where wave 
form observations are performed. Two Type-Ic emissions are crossing the frequency 
around 12:21 and 12:23. 
geometric relations of the  AKR source along the magnetic field and the satellite path 
are given. Propagation angles defined between the directions of the magnetic field 
at the source positions and AKR rays emitted from the sources and arrived at the 
satellite at the observation time, are then determined from geometric relation of the 
source and satellite locations. The results in two upper right panels show, then, 
that the propagation angles of presently studying Type-Ic narrow-band AKR are 
almost constant around 136° with respect to the direction of the magnetic field for 
two sources  #1 and #2. 
   For confirmation, we have here analyzed the resultant dynamic spectra of AKR 
stating from the sources along the given magnetic field line with emission angle of 
 135°+1° at the source points for #1 and #2 which are given in lower two right panels. 
In this case of observation, the satellite path was over the source moving from high 
latitude to low latitude. The result of reproduced dynamic spectra is given in lower 
panels of Figure 3.12. As illustrated in Figure 3.13, when the satellite moves toward 
the magnetic field line of AKR source, the altitude of AKR source along a given 
field line observable from the satellite is continuously shifted upwards because of 
the narrow beam of the AKR emission. In this case the observed frequency of AKR 
shows falling tone with narrow frequency band because the local electron cyclotron 
frequency becomes lower with increase of the height. It is finally confirmed that 



















12:10 12:15 12:20 12:25 12:30
Time
Figure 3.10. The emission powers obtained by the wave form observation. The first 
and second peaks, which are around  12:21 and 12:23, respectively, are corresponding 
to two Type-Ic emissions with falling tone. The third peak is around 12:25 and 
concluded to correspond to  Type-Ii emissions.
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 Akebono/PWS  &ATV
1990.02.07 12: 21-12 :23
Figure 3.11. The polar plot of AKR sources determined by the k-vector observation 
at fixed frequency of 181.5 kHz on February  7, 1990, when Type-Ic emissions are 
observed. The UV image of aurora is  also indicated in the background.
30
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Figure 3.12. The upper left panel shows observed dynamic spectrum of Type-Ic 
emissions, and the upper right panels indicate the emission angle distributions as-
suming two different source locations. The lower right panels are extracted emission 
angle distributions based on the upper right panels, and the lower left panel shows 
the reproduced dynamic spectrum of Type-Ic emissions. 
#2. Thus, it is suggested that Type-Ic emissions are observed when there are AKR 
sources fixed along the selected magnetic fields with an emission angle forming hollow 
cone at the source positions. 
3.3 Type-Ic emissions observed on  January,  30, 
    1990 (Multiple structured drift type) 
  In Figure 3.7, there are multiple narrow band emissions of which center frequen-
cies are drifting forming streak lines. In this case, the sense of drifting frequencies 
shows rising tone suggesting that the satellite is moving away from the source re-
gion passing over the source magnetic field lines. As schematically illustrated in 
Figure 3.14, owing to the narrow beam angle, AKR sources in limited regions are 
observable from the satellite. AKR emissions from slightly upper or lower sources 
propagate besides the satellite and can not be observed. Therefore, multi-band 
spectra are possible to suggest that there are multiple field aligned AKR sources. 
Furthermore, assuming that each field aligned AKR source is traveling equatorward 
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Figure 3.13. Interpretation of Type-Ic emissions by the stable field aligned AKR 
sources emitting hollow cone beam. When the satellite is going toward the field 
aligned source observed emission becomes falling tone. After the satellite passes 
over the field aligned source observed emission becomes rising tone.
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with a velocity faster than the satellite, multiple narrow-band emissions become 
rising tone. Assuming thus, the frequency width, drift rate of each narrow-band 
emission and frequency gap among multiple narrow-band emissions  are  interpreted 
as the beam width, drift velocity of field aligned sources , and distances among field 
aligned sources, respectively. 
   In Figure 3.15, the dynamic spectra of Type-Ic emissions are expanded in time 
and frequency domain around the portion crossing the frequencies of wave form 
measurements at 181.5  kHz for the determination of source locations of AKR .  In 
Figure 3.16, the emission powers obtained by wave form observation at 181 .5 kHz are 
indicated. There are several peaks above -99 dBW/m2Hz as threshold , the source 
locations of Type-Ic emissions are obtained as shown in Figure 3.17. The source 
locations are determined around 65° invariant latitude and 22.5 MLT , corresponding 
to the west end of intense  auroral structures. The emission angles of AKR are also 
determined about 35° with respect to the source magnetic field. In this observation 
case, frequency interval between emissions, frequency width of each emission , and 
drift rate of emission frequency are typically 10kHz, 3kHz, and 0.15-0.2 kHz/sec, 
respectively. Based on the interpretation by the traveling field aligned AKR sources, 
horizontal interval of auroral  arcs, beam width of AKR, and horizontal velocity of 
auroral  arcs are about 200 km, 6°, and 1.5 km/s, respectively .
3.4 S ummary
  Observation results of AKR dynamic spectra have indicated many kind of fine 
structures; these are divided into two categories by the band-width scale in the 
present study. They are, Type-I for phenomena with frequency bandwidth of around 
a few kHz, and  Type-II for phenomena with extremely narrow frequency bandwidth 
from 5 to 100 Hz. Based on the observation by the Akebono satellite , Type-I emis-
sions are further categorized into two types; Type-Ic (for continuous drift type) and 
 Type-Ii (for irregular type). Type-Ic emissions are interpreted, here, as AKR emit-
ted along magnetic fields in a given narrow region . In source region the mechanisms 
are taking place within a narrow angle range of the hollow cone with cone angle in 
a range from 40° to 50° with respect to the direction of the source magnetic field .
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Field aligned AKR sources 


































Figure 3.14. Inteipretation of Type-Ic emissions by the moving field aligned  AK  R 
sources emitting hollow cone beam Owing to the narrow beam angle, limited sources 
indicated by  daik gray are observable from the  satellite When field aligned sources 
are moving away from the  satellite, the altitudes of observable sources are gradually 
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Figure  3.15. Dynamic spectrum of 
wave form observations are performed.
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Figure 3.16. The emission powers obtained b ythe wave form observations.
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 Akebono/PWS  &ATV
1990.01.30 17:11-17: 19
Figure 3.17. The polar plot of  AER sources determined by the k-vector observation 




Observations of AKR source 
conditions
4.1  Significance of  the  investigation of 
source conditions
AKR
   For the studies on the origin of AKR, two important problems are currently 
discussed; the first is the mechanism of AKR generation and the second is the 
macroscopic environment of the sources of AKR in terms of the plasma density 
distribution structure and electrostatic potential for the acceleration of the auroral 
electrons and the energy spectra of these accelerated particles as well. Observations 
of the Akebono satellite are currently providing important data that become clues 
to understand these basic source conditions. In the present thesis the studies have 
been made being based on the  Akebono observation data for the emission angle 
of AKR with respect to the ambient magnetic fields at the source and the plasma 
density, especially being related to  fp/  f, values, where  jj, and are plasma and 
electron cyclotron frequencies, respectively. 
  The most popular mechanism among the workers for AKR generation mecha-
nisms is the cyclotron maser instability  (CIVII) processes. In the  CAE theory, AKR 
emissions are assumed to be generated in regions of very low plasma density with 
 fp/  f, value lower than 0.1. That is, as has been pointed out by  Wu and Lee [1979], 
low density is necessary condition in the AKR source to obtain high growth rate by 
 CIVIL There are reports informing the satisfactory conditions such as  auroral plasma 
cavities in polar region [Benson and Calvert, 1979; Calvert  19811)]. As we see in the 
results of this chapter, however, high plasma density regions with  fp/  f, value larger 
than 0.5 have been often observed by the Akebono satellite in AKR sources. With-
out being confined in the already established concept, then, we have here reexamined 
the source conditions being based on the Akebono observation evidences.
37
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Statistical analyses of AKR emission angle 
distribution at AKR Sources
   In the case studies of Type-Ic emissions, the emission angle of AKR with respect 
to the ambient magnetic field at the source has been observed to be much smaller 
than 90°. The emission angle of AKR with respect to the local magnetic fields at 
the source is considered to be hollow cone. Based  on the cyclotron maser instability 
(CMI) theory, the cone angle is, however, thought to be large almost close to 90°. 
From the present observational evidence, however, the cone angle is in a range from 
40° to 50°. There are also a few observational reports that AKR emission angle is in a 
range from 40 to  50° [Green et al.,  1977; Calvert,  1981; Mellott et al, 1984; Green and 
Gallagher,  1985]. In order to investigate the actual emission angle more completely 
statistical studies have been made using the direction measurement data observed 
by the  Akebono satellite. In Figure 4.1, observation coverage in terms of distribution 
of the observation time is displayed in invariant latitude and magnetic local time 
 (MLT) region for the observations in the period from 1989 to 1991; observations of 
the polar region sufficiently are made during this period and observation chances 
are almost homogeneously distributed. The identification of source locations of 
 AKR emissions has been carried out using observation data at frequencies of 181.5
38
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Figure 4.2. The occurrence time distribution of AKR sources determined by 
k-vector direction measurements in a frequency of 181.5 kHz.
the
kHz and 259.4 kHz. In Figures  4.2 and 4.3 the results of statistical analyses for the 
distribution of AKR sources determined by the k-vector measurements are plotted. 
The maximum of observation time of AKR sources is located in the region around 70° 
in invariant latitude and around 21 hours in MLT. The results are quite consistent 
with previously achieved AKR occurrence region. 
   After the determination of source location, in this study, angles between the 
wave normal direction of AKR given by k and direction of ambient magnetic field 
 Bo at the AKR source have been deduced. In Figures 4.4 and 4.5, the occurrence 
percentages of observations in given directions are displayed being divided into cor-
responding bins in terms of the declination and azimuthal angles of k with respect 
to the ambient magnetic field  Bo at the sources. The results show that the direc-
tion of the emission of AKR with respect to the local magnetic field is confined in 
a range between  30° to 60° in the declination angle. Though there is not so ap-
parent tendency of directivity in the azimuthal directions, we can recognize a little 
anisotropy that the range of the declination angle is widen to be from 25° to  75° in 
the east-west direction while the range becomes narrow from 25° to  55° in north-
south direction. Because there is no selectivity of the azimuthal anisotropy in the 
microscopic aspect of the AKR emission, however, the verified anisotropy suggests 
the effect of structure of the electron density distribution forming  inhomogeneity in 
latitudinal direction around the sources. By Louarn and Le Queau {1996], it has
39
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Figure 4.3. The occurrence time distribution of AKR 
k-vector direction measurements in a frequency of 259.4 
been also suggested that the emission angles depend on 
the sources.





4.3 AKR sources in high density plasma
   By the DS mode observations of the  PWS on board the  Akebono satellite dy-
namic spectra of UHR waves and whistler mode waves are obtained together with 
AKR. From this dynamic spectra, then, the plasma frequencies at the observation 
points can be derived as the cut off frequency of the whistler mode waves with con-
firmation of UHR frequency. By utilizing IGRF model data, the electron cyclotron 
frequencies at observation points are calculated; thus we can obtain ratios of  f pl  fc 
at observation points. In Figures 4.6,  4.7, 4.8, and 4.9, four example cases of the 
dynamic spectra are indicated; in these examples where the satellite is very close 
to the possible AKR sources we can estimate the plasma condition  fpl  fc at the 
sources being based on the  fpl  I, values at the observation points. For this purpose 
of obtaining  fpl  fc values at the sources from the  fpl  J., values at the satellite point, 
we first identified the source direction utilizing the data of PY mode (see Chapter 
2). Starting from detected ray direction, then, the ray tracing has been applied 
toward the sources at the altitude where wave frequencies coincide with the R-X
40
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The emission angle distribution of AKR observed in a frequency of



















The emission angle distribution of AKR observed in a frequency of
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mode cutoff frequencies  f, derived from  fp and  ff. If we take more precise  method , 
we should solve the inverse problems starting with initial model of the plasma den-
sity distribution. But we have skipped this procedure because of proximity of the 
sources as has been given in the following. 
   In Figures 4.6, 4.7, 4.8, and 4.9, ratios of  fp/  fc at the satellite positions derived 
from the dynamic spectra are plotted in middle panels and distances between the 
satellite and identified AKR sources are given in the bottom panels. The distance 
from the satellite to sources changes as the satellite is orbiting through the  AKR 
sources. At the minimum distance positions, which are located within a distance 
of few hundred km from the sources, the ratios of  fp/  f, show values up to 0.5 or 
larger. It should be noted that even in the case that  fp/  fc is larger than 0.5, the 
AKR emissions can be generated. These results are apparently in contradiction to 
the assumption for the generation mechanism of AKR by the CMI process. 
   In the dynamic spectra of AKR emissions, which are considered to be generated 
in the high density plasma region, there are also observed narrow-band emissions as 
has been described in Chapter 3. In Figure 4.10, dynamic spectrum for the same 
result with Figures 4.6 is redisplayed being around the frequency where the k-vector 
observations are carried out and the distances from the satellite to AKR sources are 
determined. In the dynamic spectra, we can see the narrow-band emissions with 
patch-like and irregular structures as has been categorized as  Type-Ii narrow-band 
emissions in Chapter 3. They suggest that the generation mechanism , which is 
considered to be generated by different mechanism from those for Type-Ic because 
of the different structure in dynamic spectra, has to be applicable for high density 
plasma regions.
4.3.1 Summary 
Based on the statistical analyses of k-vector direction measurements by the Akebono 
satellite, it has been clarified that the actual emission angles are distributed in wide 
range from 30° to 60°. Furthermore, it has been found the azimuthal asymmetry 
of cone angle from 25° to 75° in east-west direction, from 25° to 55° in north-south 
direction. They are considered to be caused by the effects of refraction in the vicinity 
of the source region; they suggest the inhomogeneous nature of AKR sources. 
  From the observation by the Akebono satellite, there have been identified sev-
eral events which suggest that AKR emissions can  be generated even in high density 
plasma region  (fp/  f, > 0.5). These results contradict to the generation conditions of 
AKR by the CMI process. In dynamic spectra of  these  AKR emissions, there are ob-
served patch-like and irregular narrow-band emissions which have been categorized 
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3896.7
Figure 4.6. The example of AKR emissions generated in high  fpl  fc plasma ob-
served on July  7, 1990. In the upper panel, the dynamic spectra are shown with 
solid and dotted curves which indicate  fc and  fr, respectively. The solid line shows 
the observation frequency of PY mode data. In the middle panel, ratios of  fpl  fc at 
the satellite positions derived from the dynamic spectra are plotted. The distances 
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Figure 4.7. The  example 
served on January 30, 1991.
of AKR emissions generated 
The format is the same with




















































Figure 4.8. The 
served on June 3,
example of AKR 
1991. The format
emissions generated in high 
is the same with Figure 4.6.
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Figure 4.9. The 
served on June 3,
example of AKR 
1991. The format
emissions generated in high 
is the same with Figure 4.6.
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emissions in the dynamic spectra for the same path as
47
Chapter 5
Applicability of cyclotron maser 
instability (CMI) processes
5.1 Calculation of growth rate of CMI emissions
   To clarify the generation mechanism, the studies on the condition of the AKR 
generation processes are needed utilizing observation evidences. In Chapters 3 and 
4 significant evidences for the direction of the AKR emissions with respect to the 
source magnetic fields, and plasma conditions  fpl  f, are obtained. In this chapter we 
evaluate the applicability of cyclotron maser intensity being based on these evidences 
revealed by the Akebono observations. 
   In order to clarify the generation criterion of AKR by the CMI processes in 
various plasma parameter, the local growth rate and total gain of the growth of 
AKR are numerically calculated. The growth rate is intimately related to emission 
angles with respect to the local magnetic fields; then the numerical calculations have 
been also made as function of the emission angle. 
  Using the unit dB/s, the local growth rate is expressed by 
                                                                                              -1 
           ()]  G  t[dB  I  s] = 20 log10ex Nhx— x —Nh (5.1)  N, c4)
where and Nh are angular frequency of waves, imaginary part of the angular 
frequency, number density of cold and hot electrons, respectively. The derivation of 
the term  (c.),Iw)(NhIN,)-' is precisely described in Appendix  A.1 based on the the-
ory of CMI [Wu and Lee,  1979; Wu, 1985]. Because the local growth and attenuation 
occur through the traveling processes of waves in the source regions, consideration 
of convective growth rates is more important for evaluations of actual observation 
data. The convective growth rate is, then, obtained by 
                       w[Hz] xxNh -1(v9)-11  Gs[dB/m] =  20  logio e x 
 c[m/s]N[wNc(5.2)
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where c is  light velocity and v9 is group velocity which is given by 
 v  =  =  (5.3)  g  Ok  
n wla•  aw 
The derivation of group velocity  v9 is described in Appendix A.2 assuming the cold 
plasma  approximation which can be applicable through the propagation processes. 
  For generation processes of AKR by CMI the distribution function of the hot 
components of electrons is important [Wu and Lee, 1979; Dusenbery and Lyons, 
1982; Omidi et al., 1984; Louarn, 1990; Roux et al., 1993; Menietti et al., 1993]. 
To calculate the growth rate, then, the effects of electric field in parallel to the 
magnetic fields are considered. The existence of the parallel electric field is then 
expressed by the potential drops between the positions above and below the source 
altitude; total energy and the first adiabatic invariants of each electron are assumed 
to be conserved. The velocity distribution function of hot electron components is 
considered to be loss cone type as given by 
                (v  —vo,u)2]  { 1 (01 >  Vio„, (5.4) 
                              , 
 f ('vi, v11) = A exp  2 X                   uth  exp [((v±-vtos.,)2]                                   8u2<  Vioss) 
where  A,vth, and  8v are normalization factor, thermal velocity, and spread of loss 
velocity, respectively.  v4,,u and  v1„, are respectively defined by
 2eAk 
 vo,u = (5.5) 
 m and 
                 q1+ 
 Vloss =  RE+II )3 (5.6)   —  1 
 REH-Hios, 
where  m,e,40u,AOL,H,Hi„,, and RE are mass of electron, elementary charge, po-
tential drops above and below the source altitude, the altitude of the sources, and 
particle loss by collision, and the Earth radius, respectively. The derivations of f 
and derivative of f utilized for the calculation of growth rate are precisely described 
in Appendix A.3. In Figure 5.1, the loss cone distribution function adopted in these 
calculations of growth rate is given. The calculations have been made for example 
case where 
 eA0u =  eAOL = 1 my 'h 3[keV]  ,  (5.7) 
 9t 
               =  0.010th , (5.8) 
             H  5000[km] , (5.9) 
and 








-0 .3 -0 .2 -0 .1 0.0  0.1 0.2 0.3
Downward  v_p  ara/c Upward
Figure 5.1. The loss cone distribution function utilized for the calculation of growth 
rate of CMI process. It has been assumed that the observation altitude is 5000 km , 
there are potential drops of 3 kV above and below the  altitude , and thermal velocity 
is 3  keV.
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are assumed. 
  For the calculation of the total gain of AKR growth the local growth rate is 
integrated along the propagation paths (called path-integrated gain hereafter). As 
schematically illustrated in Figure 5.2, the convective growth and attenuation rates 
are integrated along the ray path determined by ray tracing method with calculation 
of refractive index at each point. For the calculation, it is assumed that  fp/  f, for 
beam components of electron is 0.03 and the width of electron beam in the AKR 
sources is 100 km.
5.2 Growth rates of AKR due to CMI processes 
     under the condition of low energy electrons 
   The local (time dependent) growth and attenuation rates calculated as function 
of the emission angle with respect to the ambient magnetic field are displayed in 
Figures 5.3 and 5.4, for a frequency range near the R-X mode  cutoff frequency 
 f, expressed by (f —  fr)/  fc. In Figures 5.5 and 5.6, calculation results are given 
especially for the frequency range very close to  fr. It is shown that for the present 
case of the plasma parameter  fp/f,=0.03, growth and attenuation rates become 
maximum in a frequency range around f =  fx+0.02f,. In the range of emission angle 
from 75° to 80°, the result shows growth of the waves while the waves are attenuation 
in a range of angle less than 75°. In Figures 5.7, 5.8, 5.9, and 5.10, the convective 
(spatial) growth and attenuation rates are plotted for the frequency range close to  fx 
versus the emission angle with respect to the local magnetic field. Frequency range 
is expanded in Figures 5.9 and 5.10 for the same results given in Figures 5.7 and 5.8, 
respectively. These results show that the maximum of the convective growth and 
attenuation rates take place at f =  fx +  0.0001f, for  fp/  f, = 0.03; at this frequency 
range emission angles cover wide range from 0° to 80°. 
   Dependence of convective growth rate on the plasma conditions of  fp/  f, is inves-
tigated by calculating the growth rate for various  fp/  f, values. In Figure 5.11, the 
maximum convective growth rates for each emission angle are plotted in six cases 
of  fp/  f, from 0.01 to 0.3. The results show that the growth rates are extremely 
reduced when  fp/  f, value increases, i.e., the increase of the number density of cold 
electrons. That is, the maximum convective growth rate in the case of  fp  /  f, = 0.3 
is reduced by the ratio of  10' compare with the case of  fp/  f, = 0.03. 
  In Figure 5.12, the path-integrated gains are indicated for five emission angles 
of 15°, 30°, 45°, 60°, and 75°. It is noted that the path-integrated gain becomes 
negative, i.e., attenuation, for small angles; only in the case of  75°, emission can 
grow around f =  1.008L. These evidences are interpreted as follows: In the case of 
small emission angle, the emissions make growth in the initial stage near the altitude 
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Figure 5.2. The schematic view of the ray paths for calculating path-integrated 
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Figure 5.3. The local growth rate as function of normalize 
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5.4. The local attenuation rate as function of normalized frequency 
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 i. The local growth rate in a frequency range near the X mode 
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Figure 5.6. The local attenuation rate in a frequency range near the X mode cutoff 
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5.7. The convective growth rate as function of normalized frequency 
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The convective attenuation rate as function of normalized 
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Figure 5.9. The convective growth rate in a 
cutoff frequency. Frequency range is expanded 
.5.7.
frequency range near the 
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Figure 5.10. The convective attenuation rate in a 
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Figure 5.11. The dependence of convective growth rate on  fp/  fc value.
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Path-integrated Gain  (D=100km,  fp/fc=0.03,  Ou=3kV)
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Figure 5.12. The dependence of path-integrated gain on emission angle with re-
spect to the ambient magnetic field. 
at  which  f >  ff. In the case of large emission angle, the emissions can stay longer 
period near the altitude of f  f, and possible to have positive gain. For the case 
of emission angle of  75°, the dependence of path-integrated gain on  fp/  f, value is 
shown in Figure 5.13 where the path-integrated gain becomes maximum up to 35 dB 
when  fp/  f, is 0.03, while it becomes almost 0 dB when  f p/  f, is 0.3. These results, 
then, give a conclusion that generation of AKR by the CMI process is impossible in 
high density plasma region where  fp/  f, is larger than 0.5.
5.3 Growth rates of AKR due to CMI processes 
    under the condition of high energy electrons. 
  In section 5.1, the growth rates have been estimated with potential drops of 
3 kV above the  AKR source; adopted loss cone distribution for the calculation of 
growth rate is determined based on this value of potential drop. In this section we 
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Figure 5.14. The dependence of path-integrated gain on  fr/f, value in case of 
emission angle of  75° and potential drop of 10 kV. 
investigate the possibility of the  CMI processes in the high  fp/  f, conditions under 
the effects of high energy electrons. 
  In Figures 5.14 and 5.15, the dependence of path-integrated gain on  fp/  f, value 
is indicated in the cases of potential drop of 10 kV and 30 kV. Unlike the case of 
potential drop of 3 kV, the path-integrated gains become positive (> 0 dB) even in 
the cases of high plasma density region with  fp/  f, > 0.5 for the accelerated electrons 
with energy larger than 10 keV. The existence of large potential drops larger than 
10 kV is considered to be one possible reason for the AKR generations by CMI 
processes in high density plasma region where  fp/  fc is larger than 0.5. 
5.4 Possibility of high energy electrons larger 
 than 10  keV
  The observation data of energetic electron obtained by the LEP experiment on 
board the Akebono satellite have been studied to investigate the possibilities of high
64
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Figure 5.15. The dependence of path-integrated 
emission angle of  75° and potential drop of 30 kV.
gain on  fpl  fc value in case of
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 Akebono/LEP 1990.07.07
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  UT 05:58 06:08 06:18 06:28 06:38 06:48 
ILAT 60.6 64.1 68.2 73.3 79.6  79.6 [deg] 
 MLT 20.3 20.4 20.5 20.8 21.4 1.2 [H] 
 ALT 9695.7 9363.9 8799.8 7999.6 6960.9 5687.3 [km] 
Figure 5.16. The E-t diagrams of energetic particles observed on July 7, 1990 
(The same path as shown in Figure 4.6) 
energy electron beams higher than 10 keV. In Figures 5.16, 5.17, 5.18, and 5.19, thE 
E-t diagrams of the energetic particles are displayed for the same  observation paths 
where the PWS experiments had been made as shown in Figures 4.6,  4.7, 4.8, and 
4.9. The results clearly show that maximum energy of electrons is  around 3 keV 
and generally smaller than 3 keV through the entire observation paths.  We can not 
see the case of extremely high energy electrons, in general, which  provides only a 
chance to generate  CMI emissions even in the high density plasma regions. 
5.5  Summary
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Figure 5.17. The 
(The same path as
E-t diagrams of energetic partici 
shown in Figure  4.7)
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Figure 5.18. The E-t diagrams of energetic 
(The same path as shown in Figure 4.8)
particles observed on June 3. 1991.
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Figure 5.19. The 
(The same path as s
E-t diagrams of energetic particles 
hown in Figure 4.9)
observed on June 3, 1991.
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  The applicability of CMI processes for generation of  AKR has been investigated 
by numerical calculations of growth rate and compared with the plasma conditions 
 fp/f, and the possibilities of energetic electron beams. 
  1. Considering the convective growth rate of AKR by the  CMI processes, the 
    path-integrated gain through the source regions with width of 100 km, where 
    the energetic electrons of the energy of 3 keV are existing, has been calculated . 
    Path-integrated gain becomes maximum around an emission angle of  75° with 
    respect to the ambient magnetic field at the sources. When  fp/  f, is 0.03 path-
    integrated gain becomes maximum up to 35 dB, where  fp and  fc are plasma 
    frequency of ambient plasma and electron cyclotron frequency, respectively . 
    The path-integrated gain becomes, however, to be almost 0 dB when  fp/  f, is 
    0.3. The path-integrated gain in the regime of small emission angles turn to 
    the attenuation.
  2. If the energy of precipitating electron is in a range larger than 10 keV, path-
    integrated gain becomes dominated, as is the case of small  fp/  fc, even in the 
    case of  fp/  f, > 0.3. That is, if auroral acceleration regions are grown to 
    have energetic electrons with energy larger than 10 keV, the CMI processes
    are  possible to generate AKR emissions even in high density plasma region . 
    Within the examples of the observations, however, there are not such extremely
    high energetic electrons. 
The results of the present studies then give conclusion that in general there are so 
many cases where the satellite observations of source conditions of AKR do not meet 
with the generation condition of the CMI processes; i.e., we can not accept the CMI 
processes as origin of AKR in  these cases.
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Chapter 6
Applicability of mode conversion 
(MC) processes as origin of AKR
6.1 Introduction to the mode conversion 
anism for AKR generation process
mech-
   After a history of the study on mode conversion [Ginzharg and Zhelezniakov, 
1958;  Stix, 1965; Zhelezniakov,  1967] more practical idea of mode conversion theory 
has been originally proposed by Oya [1971] for space plasma . According to the 
theory, the plasma waves are generated as electrostatic waves via the resonance 
with electrons at UHR branches in various energy range , and converted to Z mode 
waves and  0 mode waves while propagating through inhomogeneous plasma . The 
resonance condition 
               —  flvll = 0 (6.1) 
is generally called Cerenkov resonance or inverse landau damping process. As has 
been illustrated in Figure 6.1, the resonance condition is characterized by wide range 
of  k values connecting electrostatic wave to electromagnetic Z mode wave. For this 
wideness of k value, it is possible to have resonance with electrons in wide range of 
energy. Reflecting this evidence the UHR waves can exist always in the exosphere . 
The theory is applied to the origin of Jovian decametric  L-bursts  [Oya,  1974; Scalf, 
 1974], terrestrial continuum radiation[Jones,  1976], and  L-0 mode AKR [Benson, 
1975; Oya and Morioka,  1983]. 
  For the case of AKR origin, however, the proposal of the conversion mechanism 
has not been taken as main cause for the generation mechanism of AKR because of 
following two discussions: (1) The mode conversion theory is in favor for generation 
of Z and  L-0 mode waves, while the intense components of observed AKR are R-X 
mode waves. (2) Plasma density structures that are essential for causing mode con-
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. This is from  Fig.11 of Oya and Morioka [1983]. The plasma wave f —  k 
case of low plasma density is indicated. Via the Cerenkov resonance, 
wide range of energy can excite  UHR waves and electrostatic whistler
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of the Akebono satellite, however, inhomogeneity of plasma distributions is often ob-
served, it becomes plausible that there are density gradients which cause the mode 
conversion process among them. Furthermore , the studies on the mode conversion 
have resulted in another mechanism called Doppler mode conversion where the high 
rate of conversion from Z mode waves to R-X mode waves is taking place  [Iizima, 
1988; Oya, 1990; Oya and  Iizima, 2000;  Iizima and Oya, 2000]. In this chapter, we 
investigate the applicability of mode conversion for the general AKR phenomena .
6.2 The concept of Doppler mode conversion 
(DMC)
   In this process, a moving plasma region contacts with the stationary plasma 
region forming a sharp boundary. The moving plasma region represents the region 
of precipitating high energetic electrons along the magnetic field. It does not neces-
sarily mean that the plasma moves with the same speed with the energetic electron 
beam in the moving plasma system, but because of the equivalent viscosity the 
plasma starts to move in the direction of the electron beam in the moving plasma 
system. There are highly possible to generate the electrostatic plasma waves at the 
 UHR branch because of the beam plasma instabilities. The generated electrostatic 
plasma waves are then converted to Z mode waves through the plasma inhomogene-
ity in the moving plasma. The principle part of the processes of the Doppler mode 
conversion takes place at the sharp boundary edge. 
   As has been indicated in the dispersion curve given in Figure 6.1, there is re-
markable gap between Z mode waves and  L-0 and R-X mode waves which are 
connected to free space mode waves. In the case of the regular mode conversion this 
gap is bridged by changing the  k value due to rapid change of the plasma density. 
In the case of the Doppler mode conversion, this gap is bridged by the w value; 
that is the wave with (w, k(w)) in the moving plasma is connected to the wave 
(w Aw,  k(w Aw)) in the stationary plasma which is connected to the moving 
plasma at the sharp boundary. In this case the frequency shift Aw is caused by the 
Doppler effect as expressed by 
 = (6.2) 
 C where  v and  e are the relative velocity of the moving plasma and light velocity, 
respectively. 
  Here, we set a model where a plasma region is moving downward (the system K') 
and contacts with stationary ambient plasma (the system K) with a sharp boundary 
formed in parallel to the magnetic field. Here z axis is defined as downward along 
the magnetic field and x axis is defined to be normal direction of the boundary
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as illustrated in Figure 6.2. In this model, x axis is set as waves propagate in x-z 
plane. The plasma waves are originally generated as electrostatic waves in UHR 
mode in the region of moving plasma and propagate to the boundary gradually 
changing into Z mode. At the boundary, the incident Z mode wave (indicated 
by IE) is converted to four waves; i.e., reflected extraordinary wave (RE), reflected 
ordinary wave, transmitted extraordinary wave (TE), and transmitted ordinary wave 
(TO). Assuming the velocity of the system K' with respect to the system  K is v, 
the relations of the angular frequency and wave number vector represented in each 
system are given by 
 w= , (6.3) 
 k,  =  ks , (6.4) 
and 
             ky =  k'z . (6.5) 
In Figure 6.3, The dispersion relation represented in the system  K is illustrated. 
the frequency of UHR mode waves in the source region plasma is observed being 
shifted by  Ac.,.) in the system  K by Doppler effect, as has been already explained, and 
becomes possible to convert to the R-X mode wave in the ambient plasma. That 
is, due to the Doppler effect, Z mode waves can be transported to R-X mode waves 
even when there is no plasma density variation. 
6.3 Numerical calculation of energy conversion 
    rate of DMC
   In this work, the numerical calculation of energy conversion rates has been made 
following already established method [Oya, 1990; Oya and  lizima, 2000]. As has 
been given in Figure 6.2, the incoming electromagnetic wave  1E (Z mode) is split 
into four waves as RE, RO, TE, and TO; they are reflected R-X or Z mode, reflected 
 L-0 mode, transmitted R-X or Z mode, transmitted  L-0 mode waves, respectively. 
Especially, energy conversion rate (ECR hereafter) is calculated for conversion from 
IE waves to TE waves. The derivation of ECR and actual procedure of the calcula-
tion are precisely described in Appendix C. 
  In Figures 6.4,6.5, and 6.6, the dispersion relation of IE and TE waves with ECR 
between these waves are indicated for the case of pure  DMC where the densities of 
the source region plasma and ambient plasma are equal. The thick and thin solid 
lines indicate the dispersion curve of  TE waves in the source region plasma and the 
TE waves in the ambient plasma, respectively; and dotted line indicates the ECR 
from the IE wave to the TE wave. The frequency and wave number are the values 
given in the coordinate system fixed to the ambient plasma. The frequencies of 













Figure 6.2. The plasma waves are originally generated as electrostatic or UHR 
mode waves in moving source region plasma and  piopagate to the boundary with 
being converted to Z mode At the boundary, the incident Z mode  wave(indicated by 
IE) is converted to four waves; reflected extraordinary wave (RE), ieflected ordinary 
wave, transmitted extraordinary wave (TE), and transmitted ordinary wave (TO)
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IE(converted to Z/UHR) 
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Figure 6.3. Dispersion relations in the moving plasma (thick line) and stationary 
plasma (thin line). The frequencies of UHR waves in moving plasma become shifted 
up by the Doppler effects.
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Figure 6.4. Dispersion relations of  IE and TE waves and the energy conversion 
rate between these  waves. in case of  v/c  = 3%,  Oi =  80°, and  fpl  fc, 0.1;  fp is the 
plasma frequency in the source region and the ambient plasmas. The thick solid 
line and thin solid line indicate the dispersion curve of the  IE waves in source region 
plasma and the TE waves in the ambient plasma, respectively, and dotted lines 
indicate ECR from the  IE wave to the TE wave. 
UHR waves in the source plasma source (indicated by thick solid lines) are shifted 
up as the results of Doppler effects, and become possible to be converted not only 
to Z mode waves but also to the R-X mode waves in the ambient plasma (indicated 
thin solid lines). The energy conversion rate is sufficiently high; i.e., the energy 
more than 99% of UHR waves in the source region plasma can be converted to the 
energy of R-X mode waves in the ambient plasma. The frequency width for effective 
energy conversion depends on the relative velocity between the source region and 
ambient plasmas. When the relative velocity of source region  plasma increases the 
wide range of frequency band of the Z mode waves can be converted to R-X mode 
with high rate. 
   In Figures  6.7, 6.8, and 6.9, the energy conversion rates are given as functions 
of incident angles of the the IE wave, where the angle  Oi indicates the wave normal 
angle of  IE wave with respect to the ambient magnetic field. Within a narrow 
range of small  Oi; the energy conversion rate is largely suppressed; the critical angles 
of incident  IE waves and escaping TE waves for this suppression are given in  Table 
6.1 as function of velocity of source region plasma. 
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.  The same with Figure 6.4 except for v/c 10%.
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Figure 6.7. Energy conversion rate (ECR) versus the normalized frequency  f/ 
with  Oi as given in parameters  vie = 3% and  f/  f, = 0.1. The angle  Oi indicates the 
wave normal angle of the  1E wave with respect to the ambient magnetic field .
 ECR  (v/c.=10%,  fr/fc=0.1)
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Figure 6.8. The same with Figure 6.7 except for v/c = 10%.
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Figure 6.9. The same with Fig ure  6.7 except for v/c 30%.
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Figure 6.10. Calculated escaping  angle of the TE wave (defined with respect to the 
magnetic field) versus the normalized frequency  f  /  f, for  Di  c = 3% and  fp/  f, = 0.1, 
taking  0, as parameter.
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Figure 6.11 . The same with Figure 6.10 except for v/c 10%.
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Critical incident angle of IE waves and corresponding escaping angle of 
They are defined with respect to the direction of the magnetic field.
Relative velocity  v/c
Critical angle for the IE waves










of TE waves and that of RE waves. The energy conversion rate to TO waves is always 
small; for an example, the rate is below the 0.4% for  Oj = 80° and  hi  fc = 0.1. 
  ECR is also calculated to investigate the dependence on the plasma density under 
the condition of equal densities between the source region and ambient plasmas, as 
given in Figures 6.14, 6.15, 6.16, and 6.17, corresponding to  fpifc=0.1, 0.3, 0.5, and 
 0.7, respectively. The R-X cutoff frequency  fr increase with increase of  jer following 
the relation 
                                             2 
         fx = fp2fc(6.6) 
the energy conversion rate decreases with increasing of  fp. In Figure 6.18, the 
results of ECR are replotted for the frequency range higher than electron cyclotron 
frequency  fc taking  fpl  fc as parameter. Dependence of ECR on  fpl  fc is confirmed 
in the results given in Figure 6.18. It should be noted that ECR is higher than 45% 
even in the case of  fpl  fc=0.7. Compared with the case of CMI process emissions 
take place very wide range of the density even under the dense plasma condition. 
  Calculations of the escaping angle for the TE wave are made as the function of 
the frequency in the range higher than the electron cyclotron frequency as given in 
Figure 6.19; from this results, it becomes apparent that the refraction effects become 
large in dense plasma and escaping R-X mode wave propagation with a small angle 
range with respect to the ambient magnetic field.
6.4 Mode conversion process by steep disconti-
nuity of plasma densities
  It has been already proposed to apply the mode conversion due to the density 
irregularities. After proposal of the basic mechanism of the mode conversion in space 
plasma by Oya [1971]; i.e., Benson applied the mechanism to AKR and afterward the 
possibility of the mode conversions has been verified by the data of the JIKIKEN 
satellite by Oya and Morioka [1983]. When UHR frequency in the source region 
plasma is larger than R-X cutoff frequency in the ambient plasma and there is steep 
discontinuity between two plasmas, R-X mode waves can be converted from Z mode 
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Figure  6.13. 
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Figure 6.14. Dispersion relations of IE and TE waves and energy conversion rate 
between these waves. For  v/c = 10%,  Oi =  80°, and  fp/  fc = 0.1; the plasma density, 
therefore  fp, is set to be the same both for the source region and ambient plasmas.
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Figure 6.15  . The same with Figure 6.14 except for  fp/  fc = 0.3.
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Figure 6.16. The same with Figure 6.14 except  for  41  fc  = 0.5.
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Figure 6.17. The same with Figure 6.14 except for  fpl  fc = 0.7.
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Figure 6.20. Dispersion relations of  1E and TE waves and energy conversion rate 
between these two waves, for v/c = 0,  O =  80°,  fpb/  fc = 0.9, and  fpa/  fc = 0.1, where 
 fpb and  fpa denote the plasma frequencies in source region and ambient plasmas, 
respectively. 
been further investigated in the present study. In Figures 6.20, 6.21, 6.22, and 
6.23, the dispersion relation of the  IE waves, TE waves, and ECR between these 
waves are indicated for the case of discontinuity of the plasma density in the similar 
format with Figures 6.4, for the condition of  fpb/  fc = 0.9 where fpb denotes the 
plasma frequency of the source region plasma. The R-X mode waves in the ambient 
plasma can be converted from the Z mode waves in the source region plasma with 
high efficiency for the case of  fpa  /  fc = 0.1 — 0.5, where  fpa denotes the plasma 
frequency of the ambient plasma. For  fpa/  fc = 0.7,  there is no R-X mode wave in 
the ambient plasma. This is caused as consequence of the frequency gap between 
the UHR resonance frequency  fab(=1.22L) in the source region plasma is less than 
R-X cutoff frequency  fr(=1.36f,) in the ambient plasma. It is, then, required the 
contact of two plasmas with a fairly large difference of densities forming a sharp 
boundary, to merge the frequency of the UHR or Z mode waves with that of the 
R-X mode waves. Under the condition of extremely large jump of the density rather 
between two contacting plasmas at the sharp boundary such as  fi,b/f,,,=1.8-9, the 
conversion rate higher than 60% is available for  IE waves to the TE waves. 
  In Figures 6.24 and 6.25, the dependences of energy conversion rate and escaping 
angle of the TE wave on plasma density of the ambient plasma are displayed in the 
similar format with Figures 6.18 and 6.19. Like the  case of DMC processes, as the
87
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Figure 6.23. The same with Figure 6.20 except for  ha/  fc = 0.7. 
density of the ambient plasma becomes large, the energy conversion rates 
small and difference between incident angle and refraction angle increases.
6.5 Numerical  calculation 
UHR emissions
of  growth  rate of
   In order to verify the applicability of  DMC processes or mode conversion process 
by the plasma density discontinuity, the generation of UHR waves, in the source 
region plasma, also has to be investigated. Therefore, we have carried out the nu-
merical calculation of local and convective growth rates of UHR waves and their 
emission angle distributions. For the calculations, it has been assumed that source 
region plasma consists of beam electron components and ambient electron compo-
nents in the Lorentz gas and UHR waves are mainly generated via the Cerenkov 
processes making resonance with by the beam electron components moving down-
ward with respect to the ambient electron components of source region plasma. By 
the downward moving electron beam, UHR waves with the downward wave normal 
are generated and converted to the R-X mode waves because the Doppler effect 
shifts up the frequency of wave arriving at the boundary of the ambient plasma. 
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 upward and can not be converted to the R-X mode waves, in this case, because 
the  frequency is shifted down by the Doppler  effect for the waves arriving at the 
 boundary between the source region and ambient plasmas. Considering these sit-
 uations, the calculations are carried out for the case of downward electron beam . 
The derivations of local growth rate are precisely described in Appendix C. The 
distribution function of beam electrons for the calculation is given by 
                      [ 11— Vb)2 1                   f(Vi_, VII) = A exp                 Vi (21,2(6.7)                                            th 
where vb and  with are beam velocity and thermal velocity, respectively; the velocity 
distribution function of beam electrons is given in Figure 6.26. The balk and thermal 
velocities are both assumed to be 3 keV. The density of source region plasma is 
assumed to be  44  fc 0.01 for beam components, and these cases for  fp/  f, are set 
as 0.03, 0.10, and 0.30 for the ambient electron components, respectively. 
   In Figures 6.27 and 6.28, the calculated results for the local growth and attenu-
ation rates of the Cerenkov emissions for  fp/f,=0.3 are indicated as function of the 
emission angle with respect to the ambient magnetic field. The definitions of the 
local growth and attenuation rates are the same with those expressed by eq. (5.1). 
It is shown that both local growth and attenuation rates show the maximum in a 
frequency range around  f  /  fc=1.01-1.02. The waves grow in emission angles around 
 30°; and the waves are attenuated in the range of emission angles slightly above the 
growth angle. In Figure 6.29, the maximum local growth rates are given as function 
of the emission angle taking  fp/  f, as parameters. It is shown that local growth rate 
becomes large when plasma density becomes high; this characteristics show contract 
to the case of generation by the CMI processes where the tenuous plasma condition 
is needed. 
   In Figures 6.30 and 6.31, the convective growth and attenuation rates for the 
Cerenkov emissions. The definitions of convective growth and attenuation rates are 
the same as given by eq. (5.2). It is shown that the maximum convective growth and 
attenuation rates occur for the emission angle around 90°, because of the small group 
velocity in that angle range. In Figure 6.32, the maximum convective growth rate is 
plotted versus the emission angle taking  fp/  f, of source region plasma as parameter. 
When plasma density becomes high in source region plasma, then, convective growth 
rate of UHR waves becomes large. 
  Assuming the downward propagation path within the width of 1 km, as schemat-
ically shown in Figure 6.33, the path-integrated gain for each emission angle is plot-
ted in Figure 6.34. It is shown that waves can grow in narrow frequency range 
and its center frequency is strictly controlled by the emission angle. The path-
integrated gain is maximum around emission angles from 45° to 60°. However, the 
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Figure 6.26. The distribution function of beam electrons adopted in the calculation 
of growth rate of UHR waves. It has been assumed that the beam velocity and 
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Figure 6.27. The local growth rate of Cerenkov emissions 
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Figure 6.28. The local attenuation rate of Cerenkov emissions as 
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Figure 6.29. The dependence of maximum  local growth rate on plasma density of 
the source region plasma. The cases of  fp/  L=0 .03, 0.1, and 0.3 are displayed.
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Figure 6.30. The convective growth rate of Cerenkov 
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6.31. The convective attenuation rate of Cerenkov 
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Figure 6.33. The schematic view of the ray paths 
gain within a finite width of source region plasma.
for calculating path-integrated
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Path-integrated Gain  (D=1  km,  fp/fc=0.3)
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6.6  Summary
  To verify the generation mechanism of AKR by the mode conversion from the 
UHR waves, even in high density plasma region, through the processes in which Z 
mode waves generated in the source region plasma are converted into R-X mode 
waves in the ambient plasma, numerical calculations have been carried out for var-
ious combination of the parameters such as incident angle  Oi of the IE waves and 
the plasma densities. Conversion rates of the wave energy have been calculated for 
the Doppler mode conversion (DMC) process and mode conversion process with the 
steep discontinuity of plasma densities. As the origin of Z mode waves, generation 
of the UHR waves due to the Cerenkov resonance with beam electrons have been 
considered with calculation of the path-integrated gain. The results are summarized 
as follows: 
  1. By the Doppler mode conversion process the energy of the Z mode waves in 
    the source region plasma is efficiently converted into the R-X mode waves at 
    the boundary between the source region and ambient plasmas. The conversion 
    rate becomes almost 100% when the relative velocity of v is larger than  0.1c 
    (for light velocity c). Energy conversion rate (ECR) becomes large, when 
    incident angle of the IE (Z mode) wave is near the direction of boundary 
    normal or perpendicular to the magnetic field. When plasma density of the 
    ambient plasma becomes high, ECR decreases with increasing of refraction 
    angles. However ECR is larger than 45% for  fp/  fc larger than 0.7, where  fp is 
    plasma frequency of the ambient plasma which is equal to that of the source 
    region plasma. 
 2. Mode conversion process by the discontinuity of plasma densities at the sharp 
    boundary is also considered to be a possible mechanism which can also convert 
    energy of Z mode waves in the source region plasma to the R-X mode wave 
    in the ambient plasma. When jump of the plasma density is enough large, for 
    instance, in the case of  fpb/f,  = 0.9, more than 60% of Z mode wave energy 
    can be converted to the R-X mode wave energy for  fpc,/  .1', ranging from 0.1 to 
    0.5, where  fp,, and  fpb are plasma frequencies of the ambient and source region
    plasmas, respectively. 
 :3. Assuming the Cerenkov resonance with beam electrons, the growth of the 
    upper hybrid waves is calculated. The calculated path-integrated gains have 
    shown enough growth to be  AKR's. When beam electrons with energy around 
    3 keV are considered having horizontal extent of 1 km in source region plasma 
   and  fp/f, is 0.3 where  fp indicates the plasma frequency of ambient electrons in 
    the source region plasma, the maximum path-integrated gain is about 50 dB in 
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    an emission angle of  60°. Indicating contrast to the results on CMI  processes, 
    the gain increases when the plasma frequency of source region plasma is large. 
    The anisotropy of emission angle is relatively wide;  i.e., that is not so extreme 
    as the case of CMI processes. 
  From these  results, it is considered to be possible that AKR emissions are gen-
erated in high density plasma region via the mode conversion processes. The high 
efficient conversion from the Z mode waves to the R-X mode waves is brought in by 
the Doppler effects and/or steep discontinuity of plasma densities.
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Chapter 7
Statistical analyses of AKR 
source distributions
7.1 Statistical analyses of AKR global 
tion
 distribu-
   By the long term observation of the PWS experiment on board the Akebono 
satellite, up to  13,753 hours for the northern hemisphere and  10,575 hours for the 
southern hemisphere, investigation becomes possible for study on the various time 
scale of AKR phenomena and their control mechanisms . In the present study, we 
have carried out statistical analyses of AKR activity depending on seasons and solar 
activities. 
   In order to investigate the distribution of region where AKR emissions are ob-
served by the  Akebono satellite in latitude and altitude, plots are made for merid-
ional planes at given local times. The altitudinal range of the Akebono satellite 
from 275 km to 10,500 km is divided into 5,760 bins. Each bin has the size of 500 
km in altitude with latitudinal width of  5° in a given meridian which covers 3 hours 
in MLT. Then average intensity of observed AKR emissions  pijk is defined for each 
bin at  i,  j,  k by 
 Pijk =  {E  nijk,1  pi}  {E  nijk,1} (7.1) 
where i,j, and k are the indices of a given bin for altitude ,latitude, and MLT, 
respectively. The index of  1 is classified intensity levels of AKR emissions . In the 
above expression,  nijk ,i is the number of observed spectra where AKR is detected 
with intensity  Pt for the bin at  i,  j,  k. In Figure 7.1, the global distribution of 
average plasma wave intensity  Pip, is indicated for eleven-year observation of the 
PWS experiment in three meridians corresponding to 18h , 21h, and Oh  IVILT. In 
Figure 7.1, the detected frequency is expressed being divided into two frequency 
ranges, from 140  kHz to 260 kHz and from 260 kHz to 380 kHz. In the lowest panel 
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for each meridional  plot, total numbers of spectra observed by the  PWS experiment 
are also given for corresponding bins at  i,  j, k. Inner and outer half circles in each 
panel indicate the altitude of 275 km and 10,500  km, respectively. The solid curve 
between the inner and outer half circles in each panel shows the altitude where the 
observing wave frequency f becomes equal to the local electron cyclotron frequency 
 L, which is here called the f =  L altitude, or the source altitude for the  f-frequency 
emissions. In  these plots of average intensity  piik for plasma wave data during entire 
eleven years, AKR emissions are indicated as intense components in the region above 
the source altitude both in the northern and southern polar regions. The distribution 
of the average wave intensity indicates features that AKR emissions are generated 
near the local electron cyclotron frequency at the source altitude and propagate 
toward the outer space. The maximum regions of the intensity are located around 
21 MLT. This result also gives confirmation to the previously reported observational 
results of the local time distribution of AKR  [Gurnett, 1974]. In the entire frequency 
range from 140 kHz to 380 kHz, it can be noticed that there are components below 
the f =  L altitude, which can be attributed to the emissions of the whistler mode 
waves in which auroral hiss, polar-BEN, and even the leaked AKR components  [Oya 
et al., 1985] are included.
7.2 Seasonal dependence of global distribution
   In Figures 7.2 and 7.3, the distributions of the mean plasma wave intensity for 
eleven-year observations of the PWS experiment are indicated for three months in 
summer and winter seasons. Data for May, June, and July are given in Figure 
7.2, and data for November,December, and January are given in Figure 7.3. In the 
bottom panels of both figures, the total coverage of the Akebono satellite obser-
vation paths is indicated. The result shows that there is no biased region in the 
coverage, except for regions very close to the magnetic equator. Then, the results 
show remarkable asymmetry of the distribution of the average intensity of AKR be-
tween northern and southern hemisphere; i.e., AKR average intensity in the winter 
hemisphere is dominant compared with that in the summer hemisphere. 
  In Figure 7.4, the ratios of observation time for corresponding Kp indices in 
northern and southern hemisphere during the period from May to July are indicated 
for seven-year observations. There is no apparent difference in the percentage of 
the corresponding geomagnetic activities between the observations in the northern 
hemisphere and those in the southern hemisphere. We can, then, conclude that the 
winter-summer asymmetry of average AKR intensities is not caused by the difference 
of the condition of the orbit distribution and observation chances. 
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Figure 7.4. The ratios of observation time versus Kp indices for the period of May, 
June and July. There is no apparent difference between northern and southern 
hemisphere.
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both the intensity of individual AKR events and occurrence-frequency of them. In 
order to separate the intensity of  AKR from occurrence-frequency of  AKR events, oc-
currence characteristics of AKR are shown in Figure 7.5. The  occurrence-frequency 
is plotted versus the intensity of AKR being divided into two frequency ranges from 
140 kHz to 260 kHz and from 260 kHz to 380 kHz observed in the northern polar 
region for the period from March 1989 to February 1996 both for the summer pe-
riod (May, June, July) and the winter period (November, December, January). The 
statistics are made  only for the data observed in the sector of 21+4.5 MLT in the 
region above the f  L altitude in order not to include non-AKR emissions such 
as hiss emissions. Occurrence-frequency of intense AKR shows distinct peak occur-
rence around the highest range of the point of the intensity about -152 dBW/m in 
the winter period, while there is no such apparent occurrence peak in the summer 
period and occurrence-frequency spreads in the intensity range weaker than -155 
 dBW/m. This tendency is much more prominent in the high frequency range. As 
has been indicated in Figures 7.2 and 7.3, it is also noted that the winter-summer 
asymmetry is more pronounced in the higher frequency range than in the lower 
frequency range. This evidence suggests that the seasonal effect causing the asym-
metry of AKR intensity distribution between the winter and summer hemisphere is 
more remarkable on AKR sources located at lower altitude. 
7.3  Seasonal  variation of AKR source altitude 
  Seasonal variation of AKR source altitude has been analyzed assuming that the 
emission frequency of AKR is nearly equal to the electron cyclotron frequency at 
the source altitude. The results are given in Figure 7.6 where gray scale indicates 
the average intensity of emitted AKR with the horizontal axis indicating the month 
from January to December, and the vertical axis of altitude. The upper panel of 
Figure 7.6 is the result for the observation in the northern polar region, and lower 
panel is for the southern polar region. In these results we can see clear evidence 
that the lower limit of the altitude of AKR sources is shifted up to about 3500 km 
in the summer polar region, while the source altitude is shifted down lower than 
2000 km in the winter polar region. From these results we can conclude that the 
seasonal effects on AKR generation become prominent for the source altitude lower 
than 3500 km. 
7.4 Solar cycle dependence 
  The solar cycle dependence of AKR source distribution has been investigated for 
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Figure 7.5. Line plots of the occurrence-frequency of AKR versus the intensity of 
AKR in the frequency range from 140 to 260 kHz and from 260 to 380  kHz observed 
in northern polar region for the period from March 1989 to February 1996 .
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the same set of the PWS data observed from 1989 to 1999 . In Figure 7.7, the seasonal 
variations of AKR source altitude are displayed as the function of observation period 
from 1989 to 1999; the gray scale indicates the average intensity of AKR emitted by 
the source at corresponding altitude. In Figure 7.7, the results for observations in 
the summer and winter polar regions are given respectively in the upper and lower 
panels. Though the coverage of data are not full because of the orbital conditions, 
it is shown that AKR observed in the summer polar region becomes quiet in the 
period from 1990 to 1991 compared with the other period from 1992 to 1998. In the 
winter polar region, however, the tendency seen in the summer polar region is not 
clear. The period from 1990 to 1991 is well known to be around solar maximum . 
In the period when solar activities are high, UV flux from the sun increases and 
ionization at the ionosphere is considered to become large . Therefore, we can find 
a relation to be the results of ionospheric variation similar to the case of seasonal 
variation of AKR. As for the auroral activities , the same tendency of the solar cycle 
dependence has been clarified for the size of auroral electron precipitating region by 
Newell et  al.[1998].
7.5 Control factor of ionosphere-related varia-
tions
   The questions about the control factor of seasonal variation and solar cycle de-
pendence of AKR and auroral-related phenomena have been remained unsolved 
problem. A few assumptions have been however presented to solve the question. 
The seasonal variation of conductivity of the ionosphere has been pointed out to be 
possible control factor by Newell et al. [1996]. It has been proposed that up-welling 
plasma from summer ionosphere with higher plasma density than the winter iono-
sphere may prevent the efficient generation of AKR when they consider cyclotron 
maser instability (CMI) mechanism [Kasaba et al., 1997]. 
  To check the validity of  these proposals we have statistically analyzed the al-
titude distribution of upward-flowing ion (UFI) event, because the sources which 
contribute to the observed  AKR mainly exist below the satellite . When the accel-
eration regions of the auroral electrons exist below the satellite , they accelerate not 
only the electrons downward but also ions in upward direction. For this investiga-
tion, the energetic ion data observed by the low energy particle (LEP) experiment 
on board the Akebono satellite have divided into 15 bins for three pitch angles and 
five energy ranges as shown in Table 7.1. Then, the average energetic fluxes are 
obtained for  each bin, and UFI events are identified by following conditions; (1) 
average energetic flux is larger than 1.4x 106  eV/(cm2•s•sr•eV), (2) average fluxes of 










































Figure 7.7. The solar cycle dependence of AKR source distribution. The upper 
panel and lower panel are based on the observations in the summer and winter polar 
region, respectively. Each plot is indicated by year versus altitude.
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in other bin. (3) average energetic fluxes of upward ions in energy range larger 
than 124 eV is larger than 1.7 times of those in lower energy range , (4) average 
fluxes of upward ions in energy range larger than 124 eV is larger than 1.7 times of 
those of perpendicular and downward ions. In Figure 7.8, the example of identified 
UFI events is displayed. Using the present identification method of UFI events , the 
variations of altitude of UFI events are obtained for the period from April , 1989 to 
January, 1997. In Figure 7.9, the occurrence probabilities of altitude of UFI events 
in the summer and winter polar region are indicated. It is shown that altitude of 
UFI events also varies with seasons with the same tendency as the case of AKR 
sources. The coincidence of lower limit altitude within an allowance of 1000 km 
level also suggests close correlation between altitudes of AKR sources and acceler-
ated ion region of UFI. Because the acceleration region of UFI can be considered as 
the acceleration region of the auroral electron , it is highly possible that the seasonal 
variation of AKR source altitude depends on the variation of altitude of auroral 
particle acceleration region. At least we can exclude the seasonal control effect of 
AKR as a result of seasonal variation of plasma density in the source region of AKR.
7.6  ummary
  The analyses of long term observation data from the PWS experiment on board 
the Akebono satellite clarify the time dependent variation of the occurrence regions , 
intensity and occurrence frequency of AKR which are considered to be caused by 
the ionospheric effects. The results can be summarized as follows:
1. Seasonal dependence: There is asymmetry of the  AKR average intensity be-
  tween summer and winter polar region; the activity of AKR is quiet in the 
  summer polar region, and turns to be active in the winter polar region. The 
  source distribution in altitude, which is derived from the emission frequency
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    of AKR, shows distinct seasonal variations; the lower limit altitude of AKR 
    sources is shifted up to the average level around 3500 km in the summer polar 
 region, and shifted down to the average level around 2000 km in the winter 
     polar region. 
  2. Solar cycle dependence: In the summer polar region, AKR is quiet in the 
    period from 1990 to 1991 around the period of the solar maximum, and be-
    comes active in the period from 1992 to 1998 including the period around solar 
    minimum. The tendency is not however clear in winter polar region. 
  To clarify the origin of the ionospheric effects on the AKR phenomena, seasonal 
variation of auroral particle acceleration region has been investigated using  UP 
data. The result shows that there is coincidence between the lower limit altitude 
of AKR sources and  auroral particle acceleration regions; the result suggests that 
controls of the seasonal effects of AKR activity and source altitude strictly reflect 




8.1 Generation mechanism of AKR 
plasma density regions
in high
   As described in Chapters 5 and 6, there are three feasible mechanisms for gen-
eration of AKR in high plasma density regions; these are: 
  1. CMI process by high energy electrons. 
  2. Doppler mode conversion process. 
  3. Mode conversion process by the inhomogeneity of plasma density. 
However, in high plasma density regions, the possibility of the CMI processes by high 
energy electrons in the energy range higher than 10 keV is considered to be difficult 
when we investigate the observation of energetic electrons, as has been shown in 
Section 5.3 for example cases. To keep the cyclotron resonance condition for CMI 
process, large source region up to several hundreds km is required. It has been 
already pointed out that the plasma density distribution in the AKR source regions 
shows the characteristic length of a few km; and to keep the resonance condition 
for CMI is difficult [Oya, 1990]. On the other hand, as for the mode conversion 
mechanism by the Doppler effects and/or steep boundary of plasma density, it is 
easy to keep the Cerenkov resonance conditions for generation of the original UHR 
waves because the wave lengths are in the range of a few hundred m to a few 
km. It has been also investigated that sufficient amount of R-X mode waves  are 
converted from UHR waves even in high density plasma without extremely high 
energy electrons. 
  In case of DMC processes, then, considerations are required for the emission 
and propagation angles. In the case of source plasma moving downward along the 
magnetic field, the Doppler effects for up-going Z mode waves are different to make
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 effective conversion at the boundary because in the frequency range of up-going Z 
 mode waves there is no R-X mode wave to be connected to the up-going Z mode 
 waves. Then, it is important to consider the down-going Z mode waves whose 
 frequency is shifted up to connect the R-X mode waves at the boundary of the 
 conversion. Because the observed AKR's are up-going R-X mode waves, the R-X 
 mode waves should be reflected back to be up-going R-X mode waves. Considering 
 all  these points, the propagation processes are illustrated as has been shown in 
 Figure 8.1. (1) The waves generated as UHR waves gradually change to Z mode 
 waves in the source region plasma. They propagate both in upward and downward 
 directions in the source region plasma and arrived at the boundary contacting with 
 the ambient plasma. (2) At the boundary, Z mode waves, in the source region 
 plasma, are converted to Z mode waves in the ambient plasma in a frequency range 
 below the UHR resonance frequency. For the down-going Z mode waves, conversion 
 takes place between the R-X mode waves in the frequency range above the R-X cutoff 
 frequency in the ambient plasma. (3) Down-going R-X mode waves, in the ambient 
 plasma, immediately approach to the R-X cutoff point because both magnetic field 
 intensity and plasma density increase at lower altitude of generation region of AKR. 
 At the R-X cutoff frequency, then, the R-X mode waves are reflected upward and 
 propagate toward free space  waves. On the other hand, the up-going Z mode waves, 
 in the source region plasma, are converted to up-going Z mode waves, in the ambient 
 plasma; and the waves are absorbed into plasma via UHR resonance. Among the 
 down-going Z mode waves, there are also waves whose frequency can not reach R-X 
 cutoff frequency. These waves are converted to down-going Z mode waves in the 
 ambient plasma, and keep propagating in downward direction until the frequency 
coincides with the Z mode cutoff frequency. When the plasma satisfies the condition 
 fp <  fc in this region, the waves are further converted to the whistler mode waves 
which have been reported as 'leaked AKR' by Oya et  al.[1985]. 
   In case of mode conversion processes that can be explained by steep boundary of 
plasma density, both up-going and down-going Z mode waves can be converted to 
 R-X mode waves. Therefore, up-going R-X mode waves that are converted from the 
up-going Z mode would be added in Figure 8.1 in the case of sharp plasma density 
gap at the boundary.
8.2 Further consideration for applicability of 
    CMI and DMC processes 
  In Chapter 3. we have analyzed the narrow-band emissions of AKR and inter-
preted them as emissions from field aligned sources with emission angles like hollow 
cones for Type-Ic emissions that are defined as the narrow-band emissions with the 
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Figure 8.1. The processes of mode conversion and propagation are schematically 
illustrated. The down-going Z mode waves in the source region plasma are converted 
into down-going R-X mode waves in the ambient plasma, reflected at R-X cutoff 
altitude and become up-going free space waves.
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several minutes. Wide extent of the sources with narrow width of radiation beam 
angle smaller than  1° suggests that these emissions are generated via the CMI pro-
cesses. Below the potential drops of acceleration region, the loss cone distribution 
of auroral electrons is expected to keep through long distance along the magnetic 
field. When we compare the possible direction of radiations of AKR via the CMI 
process between the observations, shown in Chapter 3, and numerical calculations, 
shown in Chapter 5, observed cone angles are narrower than those derived from the 
calculations. The difference is inferred to be caused by the refraction of the waves 
on the propagation paths where the plasma density gradient is existing. The results 
of statistical analyses which shows that cone angles are wider in east-west directions 
than in north-south directions also support the possibility of the refraction effects 
on the propagation paths. 
  On the other hand, for irregular type of AKR narrow-band emissions the model 
of simple field aligned AKR sources is difficult to be applied. Therefore, we have 
inferred another model of the vertically thin sources in which electrostatic plasma 
waves including upper hybrid waves, that are eventually converted to AKR emis-
sions, are generated. In this case the  DMC processes are the most promising candi-
date.
8.3 Origin of source region for DMC 
The basic situation required for the Doppler mode conversion  (DMC) is the move-
ment of the plasma along the magnetic field and existing of the supra-thermal com-
ponent or the electron beam in the moving media also along the magnetic field. In 
this study, the model pertinent to the above described situation is proposed being 
related to the potential gaps that are generated along the magnetic fields in a form of 
the small scale or medium scale double layers. We consider two components of the 
velocity distributions  fsp(v) and fB(v), respectively, for the source region plasma 
and the incoming electric beam, in the electric field E along the magnetic field. 
When the electric field is applied along the magnetic field for a small range where 
we can neglect the gradient of the magnetic field intensity  CB, the basic equation 
is given by 
 f,  eEf,                   V
io) •——— 0  , (8.1)  at  a x m  av 
where  t,x,v,fi,e,m, and E denote time, position, velocity, velocity distribution func-
tion for the component i, unit charge,mass of electron, and electric field, respectively. 
In eq. (8.1),  Vio is the average velocity of the system; and the suffix i stands for; 
                i =  sp for source region plasma (8.2)
and 
               i B for the electron beam.  (8.3)
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The upward direction is defined as positive in the x-coordinates. For obtaining the 
solution for the quasi-stational condition, eq. (8.1) is rewritten by 
                        a fi eE a  fi                 (
II +Vio).—= — -  —  • (8.4) 
 ax  m  av 
Then assuming  f(x,v) =  X(x)  • V(v), eq. (8.1) is rewritten by 
 in  1  aXi 1   1  314 2 
     = (8.5) 
 eE  Xi  ax v+ V av Ci  ' 
where  Ci is arbitrary constant. By defining new functions as 
 =  ln  Xi  , (8.6) 
and 
 Ili  =  In  Vi , (8.7) 
then eq. (8.5) is rewritten being divided into two equations as 
 ai 2eE(x)                                                   (8
.8) 
 axmCi' 
and                 a
m2,                  —=-----qu +140) . (8.9) 
                ayCi 
From eqs. (8.8) and (8.9), and considering 
 In  fi  =  +  qi  ,  (8.10) 
it follows that 
           Infi= fx ( 2eE(x))1(v2dx ——(v-+2Viov)  Ai, (8.11) 
               Lo                rnC,Ci 
where  xo and  Ai are the starting point of the electric field, and arbitrary constant, 
respectively. When we define the potential difference at the point x as 
 x 
 0(x) =— i E(x)dx  • (8.12) 
                                                     so 
Then, eq. (8.11) can be rewritten as 
 fi  =  kJ exp [1(v2 + 2              Ci mCii1(8.13)                        ——viov) + 2e0(s)  
where 
 foi =  exp[Ai] . (8.14)
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Solution for source region plasma (i=sp) 
For the source region plasma we can assume the Maxwell distribution at x =  xo 
with  140 = 0, then  jesp can be obtained from eq.  (8.13) as 
 fspMU0(x)1  =2 , exp(8.15)                 27k T 2nTnT ; 
 Csp is then set to be 
 2nT            C
sp =   (8.16) 
 m For the density  N0 of the particles with the temperature T at the boundary x =  xo, 
then, the mean plasma flow toward —x direction flowing in parallel to the magnetic 
field  line is given by 
            V = v fsp(x,v)dv Noe 2n  exp  [—ecb . (8.17) 
 172,  nT 
It is easily considered that the Lorentz gas (electron components) flows with speed 
higher than the thermal speed being multiplied by  exp[0(x)  nT]. 
Solution for the electron beam (i=B) 
For the electron beam component, the solution for  fB can be obtained also from eq. 
(8.13) setting  Vi  0 = —VB; that is 
                   772 m VB)2 e0(x)1 
     1.13=  exp(8.18)              127 tzTB[21 TB  1TB 
where VB and TB are the upper limit velocity for the beam at x  xo and tempera-
ture of the electron beam, respectively. Electron current density  Ie brought by the 
electron beam is then obtained as 
 Ie = NBe J v fB(v)dv (8.19) 
where NB is the beam density. Using eq. (8.18), then, the current is obtained as 
                       KTB egO,Iv2                                               B  
 eexpB e  xp exp                 127-77-/[nTid2nTB 
             VB e0 
\I  mil,  +NBe  exp  kTBerf2KTB(8.20)        [ ) 
where 
               erf(x)re-t2dt (8.21) 
Though the more detailed studies on processes of the wave growth and amplitude 
determination of the generated waves are required, we can set an expression for 
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 the order estimation of the radiation of AKR in term of the current  Ie; that is, 
 radiation power  P(x) from the local place can be expressed as 
                 P(x) =  a  •  12  . (8.22) 
 That is, the power from a given region of AKR sources is expressed by 
                 22e0(x)sTB m  VA          P= a(NBe)exp[ f 
                      sTB27rmexp                                                    KTB
           +\12KTB             2rn 21TBVB•erf — m VA  )                           2sTBexp                                                    rn 
          +erf—B-[Vr,,B  (8.23)A)12}           7r2Ki                    1  
 When we set a simple model as given in Figure 8.2, the potential is expressed, for 
 the electrons coming from the magnetoshere toward the ionosphere as 
            0(x) ={x — S2                                        Xi—2                          X  X0 co<< 51)                                                    (8.24)
  1(13 (Xi  <  X  <  XO)  •  
 Xi —  X0 
 Then the resulted radiation power is expressed as given in the lower panel of Figure 
 8.2; the results show that the maximum portion of radiation power is identical with 
 the position of the highest potential. 
   Thus the fine structures of AKR spectra correspond to the local electric fields 
 along the magnetic fields. Generally, the potential drops of auroral particle accel-
 eration region are considered to vary temporally with the progress of geomagnetic 
 activities. In order to observe narrow-band emissions continuously from vertically 
 thin regions of AKR sources, emission angle distributions at the source points should 
 not be confined in a given narrow angle but be having wide range of the angle. From 
 this requirement, mode conversion processes are expected to be the most suitable 
 mechanism as shown in Chapter 6. 
   It is also calculated that the electron density  N  (x) along the magnetic field 
increases taking function 
 N  (x)  =  No  exp  [eCb(x)1 . (8.25) 
 sT 
 Especially for AKR sources in high density situation, AKR's can be generated only 
 by mode conversion processes. 
   It has been already been confirmed that there is good coincidence between the 
 lower limit of the UFI phenomena and the lower limit altitude of AKR emissions. 
 This evidence is also consistently understood as the manifestation of the direct 
 relation between the existence of the acceleration region of the charged particles 
 and generation of AKR's. 
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8.4 Control factor of seasonal variation of AKR
   In Chapter 7, we have carried out the statistical analyses of  AKR activities 
focusing on the long term variation phenomena. As results of analyses, seasonal and 
solar cycle dependences have been discovered. Especially, these dependences are 
suggested to be caused by the variations of plasma density in the ionosphere which 
is considered to depend on the sunlit angle and solar activities. 
  By Kasaba et  al.[1997], the control of AKR's by  up-welling plasma from the 
ionosphere has been proposed for the seasonal dependence of AKR assuming the 
cyclotron maser instability (CMI) process as the generation mechanism of AKR. In 
their ambiguous qualitative arguments it is stated that AKR activity becomes quiet 
when the plasma densities become large because of the property of CMI that has 
tendency to be weak for high  fpl  fc value. However the case is not so simple. Inves-
tigating the observation results that the altitude of up-flowing ion (UFI) event also 
varies depending on season, it is necessary to consider that formation of acceleration 
region of the auroral particles is strictly controlled by the ionospheric plasma den-
sity. Rather than to control the  CMI mechanism by the plasma density, we should 
consider the effectiveness of the generation of the energetic particles. Furthermore, 
as described in Chapter 4,  there are also some observations which suggest the  possi-
bility that AKR emissions can be generated even in the high density plasma region 
with plasma parameter up to  fp/ft, = 0.5. Therefore, it is concluded that seasonal 
dependence of AKR is mainly caused by the variation of formation conditions of 
acceleration region of auroral electrons that is largely affected by the transport of 
the plasma in the ionospheric topside of the polar regions. Direct suppression of 
AKR emissions by the high density plasma is considered to be secondary effects 




   The problem of the generation mechanism of AKR has been considered to be 
already solved by the achievement of the CMI theory with some observation results 
which support the CMI theory. The observation results obtained by new satellites 
such as Viking, GEOTAIL, and FAST, have been also interpreted being based on the 
established paradigm of CMI as the generation mechanism of AKR. In the present 
study, we have reinvestigated the source mechanism of AKR based on 11-years data 
of the Akebono (EXOS-D) satellite. 
  In Chapter 2, the PWS system on board the Akebono satellite has been described 
with the method of the Poynting and k-vector measurements of AKR. Then, analyses 
on narrow-band emissions and source conditions in inhomogeneous and high density 
plasma regions based on the data observed by the PWS experiment on board the 
Akebono satellite have been described in Chapters 3 and 4. Through the study on 
Chapter 3, the narrow-band emissions of AKR with frequency bandwidth of several 
kHz with duration times for several minutes are defined as Type-Ic emission of 
AKR. The Type-Ic emission phenomena are analyzed to be emitted from the source 
aligned along the magnetic fields with narrow beaming angle like hollow cone. From 
the long range of altitude of source regions and the direction of the emissions form 
hollow cone, it is suggested that basic mechanism of Type-Ic AKR is caused by the 
CMI processes. The observed  Type-Ii emissions can be explained when we assume 
that the sources are intimately associated with temporal structures of acceleration 
regions of the auroral energetic particles; these potential structures are expected to 
form vertically thin regions distributed in multiple layers. 
  In Chapter 4, the source plasma conditions have been investigated being based 
on the observation data of the Akebono (EXOS-D) satellite. Then it is disclosed, 
by the identification of source locations based on the k-vector observations, that 
there are frequently observed high plasma density region where  fpl  fc value becomes 
higher than 0.5 in the  sources of  Type-Ii emissions. These results are apparently 
contradictory to the generation conditions of the CMI emissions, because  fp/  fc < 
0.03 is estimated as favorable condition for the CMI processes. Then, it becomes
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apparent that plenty of features against the paradigm of  CMI processes for radiations 
of AKR have been overlooked and even ignored in the previous works. The problems 
raised by the Akebono satellite, then, have suggested that we should consider the 
other mechanism for generation of AKR's together with  CMI processes. 
   In the present study it has been, then, clarified that only possible mechanism 
which can fulfill these constraints is the Doppler mode conversion processes. Relating 
to the results of these analyses, numerical calculations have been carried out for the 
investigation of the applicability of cyclotron maser instability  (CIVII) processes, in 
Chapter 5, and mode conversion processes,in Chapter 6, as generation mechanism 
of AKR under the allowed plasma conditions. 
   Through the studies in Chapter 5, results of numerical calculations have dis-
tinctly shown that CMI processes are possible only under the plasma conditions of 
tenuous plasma. The most favorable condition is in the range where  fp/  f, < 0.03; 
and  fp/  f, = 0.3 is close to upper limit for the  CMI processes; the growth rate for 
 fp/  f, = 0.3 is almost  10' of that for  fp/  f, 0.03. 
   In Chapters 5 and 6, we have investigated feasible generation mechanisms of 
AKR's in high plasma density regions, where  fp/  f, value is larger than 0.5, by 
calculating wave growth rates for (1) CMI processes under the condition of high 
energy electrons, (2) Doppler mode conversion processes proposed by Oya  [1990], 
and (3) Mode conversion processes with large discontinuity of plasma density. The 
results are as follows: (1)  In the case of CMI there are possibility of the AKR 
generation associated with high energy electrons larger than 10 keV. (2) Doppler 
mode conversion processes are effective when the source region plasma is flowing with 
the velocity of from  v  /  c-----3% to 10%. (3) The mode conversion processes with sharp 
boundary of the plasma density gap are effective when the source region plasma has 
large density,  fo/  f, > 0.9 and ambient plasma density,  fpa/  f, < 0.5. 
  It is also significant that the existence of high energetic electrons with energy 
higher than 10 keV is very rare or almost exceptional. Thus, these results have 
distinctly shown the applicability of mode conversion processes for the generation 
mechanism of AKR in high density plasma regions. Furthermore the  UHR waves 
have the tendency to obtain high gain in high density plasma; and also the benefit to 
be able to make resonance with almost all range of the energy of the electron beam. 
The emission angles of AKR distribute in fairly wide range with respect to the case 
of  CMI's that are emitted in limited angle range. This property of the emission 
angle distribution is also in favor to observation results. Energy conversion rates 
from UHR waves to R-X mode waves are possible to be 100% in the maximum case 
and usually higher than 45% even in high density plasma in which  fp/  f, is around 
 0.7. 
  From the statistical analyses on AKR source distributions, the long term varia-
tion phenomena such as seasonal dependence, and solar cycle dependence have been
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discovered as has been described in Chapter 7. These are: (1) AKR emissions are 
quiet in the summer polar region and become active in the winter polar region. 
Furthermore, the lower limit altitude of AKR sources depends on seasons; the lower 
limits are shifted up above the altitude of 3,500 km in the summer polar region and 
shifted down to the altitude of 2,000 km in the winter polar region. (2) AKR emis-
sions are quiet in the period from 1990 to 1991 around the solar maximum phase, 
and become active in the period from 1992 to 1998 around the solar minimum phase. 
Especially, these variation phenomena of the AKR activities depending on seasons 
and solar cycle suggest that there are control mechanisms of AKR generation as 
the effects of plasma density variations in the ionosphere. Based on the statistical 
analyses on the seasonal variation of occurrence altitude of  UFI (upward flowing 
ions) events and the observations of AKR sources in high density plasma region it 
has been concluded that the AKR emissions are not directly suppressed by high 
density plasma, as being pointed out from the stand point of CMI, but depend on 
the formation conditions of acceleration region of auroral energetic electrons 
  In Chapter 7, a model for the origin of  Type-Ii AKR sources has been proposed 
setting DMC processes in the core of the model. By existing parallel electric poten-
tial due to the small scale or medium scale double layer, electrons in the ambient 
plasma start to flow when the high energetic components interact with these elec-
trons which form Lorentz gas; the UHR waves are generated. The DMC process, 
then, start at the boundary between the ambient plasma. 
  Through the studies in this thesis, the problem of control factors of AKR sources, 
as well as auroral activities, is, then, reduced to the subjects of studying on control 
factors of acceleration regions of auroral electrons. Though the studies on accelera-
tion regions are deferred for future works, the  subjects are illuminated up as the next 
goal where the relations between plasma density and potential structures formation 
should be investigated. The observations of AKR emissions are significant as the 
method for analyzing auroral particle acceleration region by remote sensing. It has 
been also clarified that the results of the present studies can provide significant clues 
for the investigation of AKR phenomena based on the observation data.
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Appendix A
Local growth rate of  CMI 
emissions
A.1 Derivation of local growth rate 
  For the purpose of calculating the local growth rate of AKR via the  CMI  process, 
we start with a standard formula of the linear growth rate, which is given by 
                 (Nh-Iml A /1Vh   ( A . 1 )               w /V,/ (.4..1Re A1/N,
where the A are angular frequency of waves, its imaginary part, 
number densities of cold and hot plasmas, and a dispersion tensor, respectively. 
   Assuming the cyclotron resonance with electrons, the components of a dielectric 
tensor  Ki are expressed by 
 Kij = Si; 
                          2 
       1  f              +27r=idullclul— [{(7c.,..)+/colLa 
                                   au" ,pull 
 UiU  f  Of  11  
,  x    bibiuliul(A.2)     -yw—ji 
where k,  u,-y,  anclf(u±, u11) respectively denote wave number, plasma angular 
frequency, electron cyclotron angular frequency, generalized velocity (u =  p  I  m), 
Lorentz  factor('y = N/1 +  u2/c2), and velocity distribution function of electrons. 
The  suffixes of  11 and I respectively denote parallel and perpendicular directions 
with respect to the local magnetic field.  6i;  ,b1 and  Ui are respectively defined  by 
 6  _  {1  (i  i) (A.3) 
 0  (i j) 
 b= 0 , (A.4) 
1
                                      A-1
and 
 U  = (A.5) 
 uIIJI  _ 
where J1 =  Ji(kj _ui/Q) is Bessel function. 
  Applying Plemelj formula 
 1 1 
  = 71-i6(wr  —  WO) (A.6) 
 —  iwi  wo  Wr  - 
the dielectric tensor K can be divided into Hermitian part  K(H)and anti-Hermitian 
part  K(0) which are approximately corresponding to the contributions by theb cold 
plasma component and the hot plasma component, respectively; i.e.,
 K  K(H)  K"  (Al)
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where the parameters are defined by 
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 P  =  1  —  X,  , (A .18) 
 and 
 (Y/n1)J1 
 U =  i2L1J1 (A.19) 
 it11J1 
 When  k1u1/1-2 =  n  << 1 is satisfied, J1 and  J1 are respectively given by 
                      Jx=1(nliti) 
 2  Y(A.20) 
 and 
 1  —  • (A .21) 
 2 
 Assuming  u3 <<  u,  U is rewritten by 
 -- 
                                          2U± 
 U =  iz  u1. (A.22) 
                           0 
 Therefore, anti-Hermitian part of dielectric tensor K(A) is rewritten by 
 —0 0  - 
 K(A) =  —i0  0, (A.23) 
                 0 0 0 
where  0 is defined by 
  22   =X{(9f           IIIY + flirt-LI—La8(7 —72011— YA.24                             )()              Dun 
   Using the dielectric tensor K = K(H)  K(A), dispersion tensor A is obtained by 
                  S — —  i0  —0 iD  ni _nii - 
 A=  d— iD  S  —  n2  —  i0 0 (A .25) 
             0  P  _ 
and its determinant is given by 
 1A,1 = (S —  —  i0)(S —  n2 —  i0)(P —  ni) 
 4-(0 —  D)2  (P — — (S —  n2 — (A.26) 
Then, the real and imaginary parts of  1A1 are respectively given by 
 Re  AI = (S  n(1)(S — n2)(P — — D2(P —  n2±) — (S —  n2)4ni  (A.27) 
and 
 ImIA1  = —0[(2S + 2D — —  n21)(P — —  4221]  . (A.28) 
                                     A-3
Furthermore,  Rei1 is rewritten by 
 RelAl  = An4 + Bn2 +  C  , (A.29) 
where A,B, and C are respectively defined by 
 A= P cos2  9+ S sin2  9, (A.30) 
               B =  (S2 — D2) sin2  0 +  PS(1 + cos2  0)  , (A.31) 
and 
                C  = P(S2 —  D2)  , (A.32) 
and  0 denotes the direction angle of k-vector with respect to the local magnetic field. 
After some calculations, the derivative of the determinant of the dispersion tensor 
A is obtained by 
          0              ---
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  Thus, using the eqs. (A.28) and (A.33), the local growth rate can be obtained 
by 
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A.2 Group Velocity of waves in cold plasma 
  The group velocity is defined by 
 aL.,)  c  cu 
       =  (A.35)  V  g 
                     ak  nw(2''n2+ 
 2  au, 
Assuming the cold plasma dispersion relation, the square of the refractive index n2 
is given by Appleton-Hartree's equation as 
                                   2 
         n=- (A.36) 
 A where A is defined by 
               A = 1 — B  €^B2 +  C2  , (A.37) 
B and C are respectively defined by 
 Y2  sin2  0 
 B  = (A.38)  2(
1  —  X) 
and 
 C  =  Y  cos  6. (A.39) 
X and Y are magnetoionic parameters respectively defined by 
 W2 
 X  =2(A.40) 
                                                                            /..4)
and 
 Y  —  (A.41) 
 w where  Lo,  Lop, and  Si are angular frequency of the waves, plasma angular frequency, 
and electron cyclotron angular frequency, respectively. 
  The derivatives of X and Y are respectively given by 
 X  9               =---- X (A.42) 
and  OY 1 
           = --Y (A.43) 
                      OwLL, 
Then, the derivatives of B and C are respectively derived as 
 OB1 
 = (A.44) 
                         w — X
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and  OC 
1 
                                            --r-—C 
 8w 
and the derivative of A is obtained by 
 0,4  013   + 
                       — 
 OwOw VB2 + C2 
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Then, the derivative of n2 is expressed by 
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Finally, the group  velocity is obtained by 
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A.3 Velocity distribution function 
   Using an equation 
                1212 , 12,AJ, 
            7,7mv,-t- eLaw, 
  =h (A.49) 
3
 (  RE  )3  (RE+H)  RE+11  Loss 
the perpendicular velocity of the electron which is reflected just above the particle 
loss altitude is obtained by 
 Uri +  
 VI  t;Loss3(A.50) 
                                                   RE+H Loss 
                                 RF+II  )1 
where e,  m,  vl,  V11, RE, H, and  HL„, are respectively denote unit  charge,- mass 
of the electron, perpendicular and parallel velocities of the electron with respect to 
the local magnetic field, radius of the Earth, altitudes of the source and the particle 
loss.  In equation (A.50),  v(t,,L is defined by 
 peAOL   vo,L = (A.51) 
 m where  L4L is potential drop below the sources.
A-6
   In case that there are potential drops above the source altitude, the  acceler-
ated electrons are distributed for each pitch angle keeping total energy. Then, the 
distribution function without particle loss is given by 
                     [ (0—v6,021               f (v1,  v11) = A exp—,2' (A.52)                                                           'th 
where  tith and  A denote thermal velocity of the electron, and a normalization factor, 
respectively. In equation  (A.52),  vo,E, is defined by 
                 i2eAk   vo,u =171 ' (A.53) 
where  AOu is the potential drop above the source altitude. Considering the particle 
loss below the source altitude, the distribution function is modified as 
 [ (v —?402} {1(1)1  > v L053)   f (v1,vii) = A  exp — 2, X{(U1-uLo.,^)2  ](, ,.._.-,,,(A.54)  rth  exp  sv2kul----"-Loss) 
where  Sty is velocity range of loss for giving finite derivative value in the actual 
calculations. It is also interpreted to be corresponding to the spread of particle loss 
altitude. Using the normalized velocities 'ill' and  ft_L, the distribution function is 
rewritten  by 
          [  (ft—/4,02{101 >taLoss) Ift_,,fili) =  Aexp 11-2x,(A.55)  (exp(5'±-!"21(,,-))                          iLoss                                                                      -±<,-0)      th{ou2 
  In the case of  iti_ >  ii  Lo,„, the derivatives of the distribution function are given 
by 
 of -"a — Ito,u,u1
=2f(A.56) 
                  Of ti_  U2  th 21 
and 
 0  f ,f.-1:1 --UO,L7 :1711 I                     --'----=-2; I
,i''2 (A.57)                     Ui-tl?' -'th  u 
On the other hand, in the case of  ill <  ii  La„, the derivatives are given by 
 Of  
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and 
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 Localgrowth  rate of  Cerenkov 
emissions 
   The dielectric tensor for the plasma, which is dominantly contributed by the 
Cerenkov resonance, is given by 
 Kzi Sii 
                          2 
              L4) 1of7df          +27-2-fkuull)ku} 
 atti.au 
 Of  Of  11                           3u
llj_           —quil ou11 au  i(B.1)f 
where the notations are defined as the same as eq. (A.2) except for  U1, which is 
given by 
 0 
      U = (B.2) 
 uliJo  _ 
By applying  Plemelj formula given in eq. (A.6), and dividing the dielectric tensor 
into the Hermitian part and the anti-Hermitian part as represented in eq. (A.7), 
the anti-Hermitian part which is contributed by hot electrons is given by 
                            f  KC4) — —i • '272 Xhclituditi—                                           1nlli711-                                       -y01111
               x6(7 -  r'llk)UZU; (B.3) 
where the notations are defined as the same as eq. (A.9). In eq. (B.3),  U1 is given 
by                        r  0
. (B.4) 
 uII  Jo  _ 
When a condition  k1ui/C2 =  >> 1 can be satisfied, Ji and  Ji are approx-
imately given by 




                     — 
         o   sin  (nj-al (B.6)  ft  j_  Y  4 
Therefore, the anti-Hermitian part of the dielectric tensor  K(A) is rewritten by 
 0 0  0 - 
 K(A)  0 , (B.7) 
                             0  —0'  —iO3 
where  021  031 and  0' are expressed by 
     = 27rXhYf-1 naf—8(-y — [1 — sin(21214, (B.8)au 7 nJ- 
         1nH(:„±„,i)    03 = 27rXhYfn11Ü11)i-'11 [1 + sin2, (B.9) 
                   7Oftil 
and 
          1 nil af2.11  03 = 27_3(hYlnI1U1011r-1-1- cos(2n (B.10) 
                        (Tan 
  Using the dielectric tensor K  K(H)  K(A)  , the dispersion tensor A is obtained 
as                - — n11—0 + iDnlnll - 
 A=  q— iD  S  —  n2  —  i02 (B.11) 
                - nlnll  —CY P —  n21 —  iO3 
and its determinant is given by 
 !Al =  (S  rq)(S  —  n2  —  i02)(P  —  n2j_  —  iO3) 
                           (S —  11)0'2 
 —  D2  (P — — (S — n2 —  i02)qini (B.12) 
The real part of  I  A  i is, then, given by 
Re Al  =  (S  —  q)(S  —n2)(P  —  ni)  —  D2  (P  (S  —n2)qinI-F(S  —q)(0/2  —  (6203)  • 
                                                  (B.13)
If  0'2  --,  0203 is expected,  ROI is rewritten by 
              = An4 Bn2 C (B.14) 
where A, B, and C are defined by eqs. (A.30)-(A.32). 
  The imaginary part of  Al1 is given by 
 =  —02RS  r1)(P  ni)  niq] 
 —03[(S —  74)(S —  n2) —  D2] 
 +20'Dninll  • (B.15) 
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Appendix  C
Energy conversion rate of the MC
process
   The energy conversion rates from incident waves (IE) to reflected or transmitted 
waves (RE,RO,TE,and TO) are obtained by calculating the ratio between their 
Poyinting fluxes which satisfy the boundary condition of electromagnetic fields in 
each plasma medium as displayed in Figure 6.2. 
   Following equations are derived from Maxwell equations: 
 n  x  E  cB  (C.1  ) 
and 
            n x cB = — 1   E, (C.2) 
                                         iwE0 
where E, B,  w, n,  u,c, and  E0 are electric field, magnetic field, angular frequency, 
refractive index vector, electric conductivity tensor, light speed , and dielectric index 
in the free space, respectively. From them , the wave equation is given by 
 S  cos20  iD  n2  sin  0  cos  0  - 
 —iD S  —  n2  0  E
y  o  , (C.3) 
 n2 sin  0  cos° 0  P —  n2 sin2 0  Ez 
                                                                                          - where the parameter S,D and P are respectively defined by 
 X  S  
=  1(C .4)                                        1 —Y2  
 X Y         D =  (C .5)                                 1 — Y2 
and 
 P  1  —  X  , (C.6) 
and X and Y are respectively defined by 
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 n2  =  1
 Y=              f • 
given by the Appleton-Hartree's equation which 
 non-trivial solution of E. The Appleton-Hartree's
 .3(
 1  y2  sin2  2(1 —X)                           EV(y2 sin2 0)2  2(1—X)+Y2COS20 
where the sign of  E indicates the mode as 
                        +1 ordinary mode
 = 
                          —1 extraordinary mode 
The electric field satisfying eq. (C.3) is given by 
 Es 
 E  =  'iEy  c  , 
 Ez 
where  Er,Ey, and  Ez are respectively defined by 
 Es = —(S — n2)(P  —  n2  sin2  0)  , 
 Ey = D(P —  n2  sin2  0)  , 
 and 
 Ez = (S  n2)n2  sin  0  cos  0  . 
Furthermore, the magnetic field is given by 
 cB=nxE=NE, 
where N is a tensor which defined by 
                r 0  —n  cos  0 0 
 N=  n  cos  0 0  —ri  sin  8  . 
                  0  n  sin  0 0 
Then, the eq. (C.15) is rewritten by 
 cB  =  NE  =  a, 
where  /3r,  19, and  13, are respectively defined by 
                      = —D(P —  n2  sin20)n cos0 ,
















                   —(S  n2}Pn  cos  0  , (C.19) 
and 
 /3, = D(P —  n2  sin2  0)n  sin  0  . (C.20) 
The boundary conditions are given by 
 Ey,IE  Ey,RE  Ey,R0 =  Ey,TE  Ey,TO (C.21) 
 Ez,IE  Ez,RE  Ez,R0  Ez,TE  Ez,TO  (C  .22) 
 By,IE  By,RE  By,R0 =  By,TE  By,TO (C.23) 
and 
 Bz,IE  Bz,RE  Bz,R0 =  Bz,TE  BZ,TO  • (C.24) 
The conditions relating to Snell's law are given by 
           WIE WRE WRO WTE WTO (C.25) 
and 
 kz,IE  kz,RE  kz,R0 =  kz,TE  kz,TO  • (C.26) 
For IE,RE, and RO waves, the quantities represented in the coordinate system of the 
source region plasma are rewritten in the coordinate system of the ambient plasma 
by 
 w =  ezv  , (C.27) 
 k,  =  ,  (C.28) 
            ky, = k  (C.29) 
 kz  =  ez  , (C.30) 
 E,  v  By' =  (E'x  vi3y1)a , (C.31) 
 =  Ey  —  =  — (C.32) 
 E  =  E  =  , (C.33) 
 B, =  =  , (C.34) 
                By = Bly=/3ya,(C.35) 
and 
 B,  =  B'  =  0,1  a  , (C.36) 
where  / indicates the representation in the coordinate system of the source region 
plasma.
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  Then, the boundary conditions are rewritten 
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rewritten by 
 Wr  Ev  cos  01E  , 
and 
 lcilE COS  01E =  kR1  E COS  06 
                                 =  kR0  COS  ORo 
                                   =  kTE  COS  OTE 
                                     =  kTo  COSOTo .
Poynting vector is obtained by 
 P=  1(E  x  B*  E*  x  B  ) 
 4/I 
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 _  Exi3y  6y13x 
Therefore, the energy conversion rates for RE,RO,TE, and TO wave: 
by 
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